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ABSTRACT
The adsorption of lysozyme, bovine serum albumin (BSA) and fibrinogen 
onto the surfaces of a number of poly (methacrylate) based, phosphorylcholine (PC)- 
containing polymer films has been characterised by neutron reflection and 
spectroscopic ellipsometry. The work represents the first systematic study of these 
biocompatible materials, attempting to establish the relationship between the 
structure of the films and their effectiveness in reducing protein adsorption.
The polymer surface was formed by dip-coating a thin film of polymer onto 
the polished silicon oxide. As the extent of reduction in protein adsorption may 
depend upon how the film is coated, initial work was to examine the effect of the 
coating conditions. We show that the improvement of the smoothness of the outer 
film surface can lead to the formation of a close-packed PC layer, resulting in the 
reduction of protein adsorption.
The subsequent experiment was focused on the two model PC-polymers with 
(PC100B) and without (PC100A) 5% silyl cross-linking groups. It was found that 
although the structures of the films were drastically different, the residual amount of 
proteins adsorbed was comparable, indicating that the outer surfaces of the two films 
were similar in composition. The preliminary measurements using partially 
deuterated PC100B containing 5% silyl groups show that there is a preferential 
segregation of the hydrophobic and hydrophilic groups across the film, with the 
hydrophilic groups enriched at the outer surface. This work offers the first 
experimental evidence of the preferential expression of PC groups on the outer 
surface.
In order to demonstrate the effectiveness of the PC-polymer surfaces in 
reducing protein adsorption, some parallel work has also been done on the model 
surfaces of bare Si02, hydrophobed Si02 and PMMA (polymethylmethacrylate). It 
was found that under similar solution conditions the PC-polymer surfaces can reduce 
protein adsorption by a factor of 3-5. It is particularly interesting that PC-polymer 
surfaces are most effective at deterring adsorption of large fibrous proteins, such as 
fibrinogen.
For Mum & Dad with love
This thesis is dedicated to my Mum and Dad with thanks for 
their never-ending love and support.
“Iucundi acti labores" (“completed labours are sweet")
Cicero, 106-43 B.C.
CONTENTS
Acknowledgements i
CHAPTER 1 Introduction 1.1
1.1 Biocompatible Materials 1.1
1.1.1 Biocompatibility 1.1
1.1.2 Biocompatible Material Design 1 .3
1.1.3 Phosphorylcholine and its Application in 1.4 
Biocompatible Polymers
1.2 Proteins and Protein Adsorption at Solid/Liquid Interfaces 1.6
1.2.1 Model Proteins 1.6
1.2.1.1 Lysozyme 1.6
1.2.1.2 Bovine Serum Albumin (BSA) 1.7
1.2.1.3 Fibrinogen 1 .7
1.2.2 The Mechanisms of Protein Adsorption 1.8
1.2.3 Techniques used to Investigate Protein Adsorption 1.10
at the Solid/Liquid Interface
1.3 The Main Obj ectives of the Thesis 1.12
CHAPTER 2 Experimental Details 2.1
2.1 Specular Neutron Reflection 2 .1
2.1.1 The Theory of Neutron Reflection 2.1
2 .1.2 The Measurement of Neutron Reflection 2.3
2.1.2.1 Introduction 2.3
2 .1 .2.2 The CRISP Reflectometer 2.4
2.1.2.3 Sample Preparation 2.6
2 .1 .2.4 Data Collection and Normalisation 2.7
2 .1 .3 The Analysis and Modelling of Neutron Reflection 2.8
Data
2 .1 .3.1 The Optical Matrix Theory and Method 2.8
2.1.3.2 The Structural Analysis of Polymer Films 2.9
2.1.3.3 The Analysis and Quantification of Protein 2.12 
Adsorption
2.2 Spectroscopic Ellipsometry 2.15
2.2.1 The Theory of Ellipsometry 2.15
2 .2.2 Ellipsometry Measurements 2.17
2.2.2.1 Introduction 2.17
2.2.2.2 The Woollam Variable Angle Ellipsometer 2.18 
(VASE®)
2.2.2.3 Sample Preparation 2.20
2.2.2.4 Data Collection 2.21
2.2.3 The Analysis and Modelling of Ellipsometry Data 2.23
2 .2 .3.1 The Optical Matrix Metho d 2.23
2.2.3.2 Polymer Film Characterisation 2.25
2 .2 .3.3 The Analysis and Quantification of Protein 2.27 
Adsorption
2.3 Complementary Techniques 2.30
2.3.1 Atomic Force Microscopy (AFM) 2.30
2.3.2 Enzyme Linked Immunoassay (ELISA) Test for 2.35
the Detection of Human Serum Albumin (HSA) 
Adsorption from Blood Plasma
2.3.2.1 Materials used 2.36
2.3.2.2 Preparation 2.36
2.3.2.3 Incubation with pooled plasma 2.37
2.3.2.4 Incubation with primary antibody 2.37
2.3.2.5 Incubation with anti-goat IgG peroxidase 2.37 
conjugate
2.3.2.6 Incubation with OPD substrate 2.38
2.3.2.7 Data handling 2.38
2.4 Materials Used and Details of their Preparation 2.40
2.4.1 PC-Polymers 2.40
2.4.1.1 Polymer PC 100A 2.40
2.4.1.2 Polymer PC100B 2.47
2.4.1.3 1% PC100B Polymer Derivative 2.49
(containing 1% silyl cross-linking groups)
2.4.1.4 0% PC100B Polymer Derivative 2.50
(containing 0% silyl cross-linking groups)
2.4.2 Buffer and Protein Solutions 2.50
2.4.1.1 Buffer Solutions 2.50
2.4.1.2 Lysozyme 2.51
2.4.1.3 Bovine Serum Albumin (BSA) 2.52
2.4.1.4 Fibrinogen 2.52
2.4.3 Surfactant Solutions 2.54
CHAPTER 3 Coating thin PC-Containing Polymer Layers onto 3.1
a Silicon Oxide Surface: The Effect and Establishment of the Dip 
Coating Conditions
3.1 Introduction 3.1
3.2 Experimental Details 3.3
3.2.1 Sample Preparation and Dip-Coating 3.3
3.2.2 Ellipsometry Analysis 3.5
3.2.3 AFM analysis 3.7
3.3 Characterisation of the Conditions for Coating Polymer 3 .8
PC 100A onto Silicon Oxide
3.4 Conditions for Coating Polymer PC100B and its Derivatives 3.19 
onto Silicon Oxide
3.5 The Effect of Coating Conditions on Protein Adsorption at 3.22 
the PC Polymer-Water Interface
3.6 Conclusions 3.27
CHAPTER 4 Protein Adsorption at Model Solid-Water Interfaces, 4.1
Studied by Ellipsometry and Neutron Reflection
4.1 Introduction 4.1
4.2 Sample Preparation 4.3
4.3 Protein Adsorption at the Hydrophilic Si02 Solid-Water 4.4 
Interface
4.4 Protein Adsorption at the Octadecyltrichlorosilane (OTS) 4.20 
Coated SiC>2 Solid-Water Interface
4.5 Protein Adsorption at the Polymethylmethacrylate (PMMA) 4.32 
Coated SiC>2 Solid-Water Interface
4.6 Conclusions 4.42
CHAPTER 5 Protein Adsorption at the PC100A Polymer Solid- 5.1
Water Interface
5.1 Introduction 5.1
5.2 The Swelling and Stability of PC 100 A Films Coated on SiC>2 5.2
5.3 The Structure of PC 100 A Films at the Solid-Water Interface 5.8
5.4 Protein Adsorption at the PC100A Solid-Water Interface 5.15
5.5 The adsorption of HSA from Blood Plasma to the PC100A 5.35 
Coated Surface: Detection Using an ELISA Test
5.6 Surfactant Cleaning of PC100A Coated Silicon Oxide 5.37 
Surfaces After Protein Adsorption
5.7 Conclusions 5.42
CHAPTER 6 Protein Adsorption at the Cross-Linked PC100B 6.1 
Polymer Solid-Water Interface
6.1 Introduction 6.1
6.2 The Swelling and Stability of PC100B Films Coated on SiC>2 6.2
6.3 The Structure of Hydrogenated PCI 00B Films at the Solid- 6.7
Water Interface
6.4 The Structure of Partially Deuterated PC100B Films at the 6.14 
Solid-Water Interface
6.5 Protein Adsorption at the PC100B Solid-Water Interface 6.23
6.6 The Adsorption of HSA from Blood Plasma to the PC100B 6.41
Coated Surface: Detection Using an ELISA Test
6.7 Surfactant Cleaning of PC100B Coated Silicon Oxide 6.43 
Surfaces After Protein Adsorption
6.8 Conclusions 6.45
CHAPTER 7 The Effect of the Percentage of Cross-Linking 7.1
Groups Incorporated into PC100B
7.1. Intro duction 7.1
7.2. The Swelling and Stability of the PC100B Derivative Films 7.2
Coated on Si02
7.3. The Structure of PC100B Derivative Films at the Solid-Water 7.5 
Interface
7.3.1 1% PC100B 7.5
7.3.2 0%PC100B 7.12
7.4 Protein Adsorption at the PC100B Derivative Coated Solid- 7.19
Water Interfaces
7.4.1 1% PC100B 7.19
7.4.2. 0% PC100B 7.26
7.5 The Adsorption of HSA from Blood Plasma to the PCI 00B 7.31
Derivative Coated Surfaces: Detection Using an ELISA Test
7.6 Surfactant Cleaning of PCI 00B Derivative Coated Silicon 7.33 
Oxide Surfaces After Protein Adsorption
7.7 Conclusions 7.38
CHAPTER 8 Conclusions and Suggestions for Future Work 8.1
CHAPTER 9 References 9.1
ACKNOWLEDGEMENTS
First and foremost, special thanks and gratitude to Jian Lu, my supervisor, for 
all of his guidance, encouragement, help, hard work and advice throughout this 
project. Without such a strong input none of this would have been possible and it is 
all much appreciated. Special thanks also to Jason Brewer, my industrial supervisor, 
for all of his help, enthusiasm and friendship along the way.
I really appreciate the input from all the members of my research group. 
Everyone has been there with advice, help and encouragement at sometime and 
many have shared the shifts on beam time and given me the chance for the all 
important sleep! I would not have all the results today without their contribution. I 
would like to thank TJ for all her help and advice with my neutron reflection 
measurements. Thank you to Becky for all the help with the neutron experiments and 
the advice and help with the thesis. I am very grateful to Dmitri for his help on the 
ellipsometer when I first started, Val who provided me with the PMMA samples for 
use in this work, Yiqing Tang who synthesised the deuterated polymers for me and 
Louise and Mohammed for their help along the way. My sincere gratitude to 
everyone for their friendship and endless support which has made the writing of this 
thesis somewhat easier.
I am grateful to Biocompatibles Ltd. for provision of part studentship and the 
polymer samples needed to complete this work. For their help and input into the 
project, much appreciation to Jeremy Russell and Andy Lewis. Thank you to Lee 
Tolhurst for his help with the AFM measurements and to Laura Kirkwood for 
helping with the assay tests. The EPSRC provided some funding to support this 
project and helped to buy the ellipsometer.
I must of course thank all of my family, especially Mum and Dad, without 
whose support and encouragement this thesis would not exist. Special thanks also to 
Neil, Kieron, Angela, Katie, Jo, Sheila, Derry and many other friends, all of whom 
have given me the encouragement and advice over the years and provided the much 
needed distractions from my work. And last but not least, I cannot forget my darlings 
Robbie and Skye who provide much joy in my life.
Chapter 1
Introduction
This thesis investigates the extent of reduction in protein adsorption at silicon 
oxide surfaces coated with thin films of phosphorylcholine (PC)-incorporated polymers. 
It examines the adsorption of a number of model protein solutions onto the polymers 
with different chemical structures. Parallel measurements have been made on model 
hydrophilic and hydrophobic surfaces and the combined results show a clear reduction 
in adsorption on most of the PC polymer surfaces. In this introduction the background of 
biocompatibility, the design of biocompatible materials and the forces governing protein 
adsorption will be discussed. However, areas of specific interest will be covered in more 
detail when the results are presented. At the end of this chapter, the objectives of the 
thesis will be outlined.
1.1 Biocompatible Materials
1.1.1 Biocompatibility
In recent years the increase in the use of artificial medical devices, such as 
contact lenses, arterial stents and pacemakers, has stimulated much research in the field 
of bio compatible materials. The application of such devices is not as simple as would be 
desired, largely due to the interfacial phenomenon of protein adsorption. Proteins are 
extremely surface-active molecules and, once in contact with a solid substrate, they will 
adsorb rapidly from solution. Biocompatible materials have also been used in the 
processing of food and beverages and in the bioseparation and bioengineering of 
proteins from blood. The coating of biocompatible materials can substantially reduce the 
deposition of proteins and other biological molecules on the surfaces of implants and 
other processing equipment.
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In the case of biomedical applications, the exposure of bodily fluids (such as 
blood, urine and tear fluid) to foreign materials normally elicits adverse biological 
effects, as the host’s defense system is activated. The adsorption of proteins from such 
bodily fluids onto medical devices is a well-established interfacial phenomenon. For 
example, the blood coagulation pathway is initiated by the rapid adsorption of plasma 
proteins onto the surface of an implant and this subsequently attracts platelet adhesion 
and aggregation, leading ultimately to thrombus formation (Bantjes, 1978; Boffa, 1979; 
Cooper and Peppas, 1982; Kim and Lee, 1979; Park and Park, 1996; Sariri, 1997; 
Vroman, 1981). With regard to contact lenses, protein fouling can lead to irritation and 
infections and in the case of urinary stents, encrustation with bacteria and eventual 
rejection of the device.
“Biocompatibility” is a biomateriaPs ability to perform successfully with an 
appropriate host response in a specific application. The surface chemistry of the 
biomaterial plays a major role in determining the host’s response and hence its 
biocompatibility. In fact, many of the key problems in the performance of medical 
devices can be directly related to surface interactions. In essence, the living system is a 
hostile environment to foreign bodies and it responds accordingly to an implant with 
either an inflammatory response (which may be bacterially mediated) or, as previously 
described, when in contact with blood this is termed as thrombus formation. An implant 
is a persistent foreign body which becomes a continued stimulus for an inflammation, 
resulting in a chronic inflammatory response which will inevitably determine the long 
term compatibility and performance of that device (Remes and Williams, 1992).
The initial interaction between a foreign material and a bodily fluid, such as 
blood, is the adsorption of a protein layer. In vivo, the adsorbed protein layer will be 
composed of proteins that activate the material to cell adhesion and activation 
(McManama et al, 1986) leading to the ultimate responses and consequences. Therefore, 
biocompatible material design has concentrated on controlling the initial step in this 
cascade, the adsorption of proteins onto the surface.
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1.1.2 Biocompatible Material Design
Over the last few decades, many approaches have been tried in an attempt to 
reduce the undesirable responses of bodily fluids to foreign materials, both in vitro and 
in vivo. The design and manufacturing of biocompatible surfaces has evolved with the 
progress of our understanding of biocompatibilty. In the earliest work, chemical 
inertness was thought to be essential in selecting a suitable biocompatible material 
because bodily fluids impose a very corrosive environment to medical implants. 
However, it was later demonstrated that the inertness could not ensure compatibility 
with blood because even an inert surface can be modified in plasma by the adsorption of 
thrombogenic plasma components (Bantjes, 1978; Kim and Lee, 1979; Vroman, 1981).
Since then the design of biomaterials has followed a number of different courses 
as various ideas concerning what makes a successful biocompatible surface have been 
proposed. These include the need for a charged surface, an appropriate free energy 
(Sariri, 1997), a hydrophobic surface covered by a passive layer of albumin in 
preference to other proteins (Cooper and Peppas, 1982), hydrogel polymer coatings 
(Park and Park, 1996) and the preadsorption of anti-thrombotic moieties such as heparin 
(Boffa, 1979). It has been known for many years that coating surfaces with hydrophilic 
polymers can reduce protein adsorption (Andrade, 1988; Cooper and Peppas, 1982; 
Feng and Andrade, 1994; Iwasaki et al, 1996). Various polymers including poly(vinyl 
chloride), poly(ethylene oxide), poly(etherurethane), poly(dimethylsiloxane), and 
poly(tetrafluoroethylene) were found to render varying degrees of reduction in protein 
adsorption. However, early work has shown that most of these polymers have poor 
blood compatibility. The extent of their effectiveness in reducing protein adsorption is 
therefore very limited.
Some of these ideas are still being pursued but the focus of this thesis is on one 
of the more promising approaches: the mimicry of biologically inert interfaces, ie. the 
cell membrane, which will be discussed in the next section.
1.1.3 Phosphorylchoiine and its Application in Biocompatible Polymers
The incorporation of phosphorylchoiine groups into polymers originated from 
the concept of mimicry of biologically inert interfaces, ie. the cell membrane. Cell walls 
are composed of various amphiphilic molecules. Proteins in the bloodstream do not foul 
onto the surface of cells, suggesting that their outer surface is bio compatible. It has been 
observed that erythrocyte membranes display lipid asymmetry and there is much 
accumulated evidence to suggest that this serves to maintain the delicate balance 
between haemostasis and thrombosis (Zwaal et al, 1977, 1982 and 1983). The 
extracellular side of the membrane is haemocompatible in vitro and phosphorylchoiine, 
a zwitterionic headgroup, represents the bulk of the phospholipid head groups on this 
surface. This is in contrast to the thrombogenic cytoplasmic side, on which negatively 
charged phospholipids predominate. At the early stage it was thought that the 
biocompatibility was provided by the whole of the phospholipid molecule (namely 
phosphatidylcholine) on the extracellular side of the cell membrane. A great deal of 
effort was therefore made to immobilise phospholipid molecules onto solid substrates to 
reproduce the effect of biocompatibility (Albrecht et al, 1982).
0  H= ?
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Figure 1.1 The structure of phosphorylchoiine (PC)
It was later suggested by Hayward and Chapman (1984) that it was the PC 
headgroup, rather than the whole lipid molecule, that was responsible for the blood 
compatibility. This improved understanding led to the elevated activities in utilising this 
concept in creating biocompatible surfaces. A significant amount of work has recently 
focused on the development of polymers incorporating PC groups. Some studies have 
also been made on the coating of self-assembled monolayers containing PC groups on
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the outer surfaces (Hayward et al, 1984 and 1986; Jia et al, 1993; Menger et al, 1993). 
For reference, the structure of the zwitterionic PC group is shown in Figure 1.1.
Of the different polymers studied, those containing PC groups have been shown 
to be most effective in reducing protein adsorption and rendering improved 
biocompatibility (Hayward et al, 1984 and 1986; Iwasaki et al, 1996; Yianni, 1992). 
The potential of PC polymers in practical applications has been the main attraction for 
many of the studies to date and hence blood is usually used. The success of these studies 
has largely been judged by the effectiveness of the coated surfaces in reducing protein 
adsorption from the blood, and the surfaces that elicit protein adsorption are discarded 
straightforwardly. From a viewpoint of fundamental understanding, it is the surfaces 
inducing protein adsorption that are informative of the nature of the interaction. 
However, the complex composition of blood has made it difficult to tell what the 
deposited components are and how the whole process has been triggered.
It has been suggested that the reduction in the amount of protein adsorbed on the 
PC polymer surface is rendered by the preferential exposure of the PC groups on the 
outer surface of the coated layer (Yianni, 1992). The in situ distribution of the outer PC 
layer is thought to be critical to the effectiveness of the reduction of protein adsorption. 
This hypothesis was therefore carefully considered when designing the coating 
conditions for the PC-polymers examined in this thesis.
In addition, many other qualities and characteristics of PC-coated surfaces have 
been suggested to play a role in the effective reduction of protein adsorption and 
biocompatibility. For example, some work has emphasised the importance of the 
chemical structure of the polymer, in terms of the spacer length under the PC 
headgroups and the ratio of hydrophobic and hydrophilic moieties within the polymer 
(Hayward et. al, 1984 and 1986; Iwasaki, 1996), The importance of the mobility of the 
PC groups within the polymer and the resulting surface free energy has been suggested 
by Ruiz et al (1998). It has also been established that PC groups are heavily hydrated 
(Sheng et al, 1995) and Prime et al (1993) have shown that the water molecules 
associated with this group on the surface may present a steric barrier for proteins to 
overcome in order to adsorb. In fact, it seems that many of these hypotheses are linked 
and it is likely to be a combination of these effects that lead to the effective reduction in
1. 5
protein adsorption. These hypotheses will be discussed in more detail, together with the 
relevant results, later in the thesis in an attempt to gain some understanding as to why 
the PC-polymer coated surfaces may be so effective in deterring protein deposition.
1.2 Proteins and Protein Adsorption at Solid/Liquid Interfaces
An understanding of the mechanisms by which proteins adsorb to solid surfaces 
is necessary both to aid the development of biocompatible materials and to interpret data 
collected about adsorption at different surfaces. The structural features of the proteins 
used in this work and the forces involved in their adsorption to solid surfaces are also 
described in this section.
1.2.1 Model Proteins
Protein molecules are complex macromolecules with large diversities in size, 
shape and flexibility between types. Each protein has a unique structure determined by 
its amino acid sequence. The structures of many proteins have been well characterised 
and studied and a number of these are frequently used in adsorption and surface studies. 
Three such model proteins were used in this work and were chosen for their range of 
structure, size and stability.
1.2.1.1 Lysozyme
Lysozyme is a small globular enzyme found widely in the cells and secretions of 
vertebrates where it functions as a bactericidal agent. It acts to destroy bacterial cell 
walls through hydrolysis of the 1,4-glycosidic linkages in the polysaccharide component 
of cell walls. Chicken egg white is the most commonly used form of lysozyme and has 
been extensively characterised and studied (Voet and Voet, 1995). It has an isoelectric 
point around pH 11.
Lysozyme is a relatively small molecule with a molecular weight of 14.6 KDa. It 
is composed of a single polypeptide chain of 129 amino acids. It is a highly stable
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protein, cross-linked by four disulphide bridges. The compact molecule is roughly 
ellipsoidal in shape, with dimensions of approximately 45 x 30 x 30 A3. It contains 
more {3-sheet conformations than a-helix and the interior is almost entirely non-polar.
1.2.1.2 Bovine Serum Albumin (BSA)
BSA is found in high abundance in plasma, where it acts to maintain colloidal 
pressure and transport fatty acid and steroids.
The BSA molecule is a globular but rather flexible protein with approximate 
dimensions of 40 x 40 x 140 A3. It has a molecular weight of 67 KDa. and is a single 
polypeptide chain. The molecule is composed of three globular units held together by 
short flexible regions. It has a high degree of a-helicity (about 70%) and a high 
disulphide cross-link content (17 pairs) (Horbett and Brash, 1995). It has an isoelectric 
point around pH 4.8. BSA tends to have a lower conformational stability in solution 
than most other globular proteins.
1.2.1.3 Fibrinogen
Fibrinogen is a fibrous protein with an important role in haemostasis in 
vertebrate animals: blood coagulation (the conversion of fibrinogen to fibrin through 
proteolysis of thrombin and polymerisation of fibrin monomers into fibrin clots) and 
platelet aggregation (binding to platelets and then linking them together or immobilising 
them on a surface). These two processes occur simultaneously to result in a thrombus.
Fibrinogen is a very large, well-built molecule with a molecular weight of 340 
KDa. It exists in the form of a dimer, held together by disulphide bridges, and contains 
three pairs of non-identical polypeptide chains and two pairs of oligosaccharides bound 
together covalently. Measurements by circular dichroism, Raman spectroscopy and 
FTIR indicate that the native molecule contains about 35% a-helix, 10 to 30% (3-sheet 
and 14% (3-turns (Azpiazu et al, 1992). Fibrinogen has an isoelectric point of 5.5. Its 
primary and domain structures dictate its physiochemical properties.
Fibrinogen is frequently described as a “sticky” protein with a strong tendency to 
adsorb onto various surfaces (Horbett and Brash, 1995). A strong association with solid
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surfaces seems to be a property of many proteins involved in blood coagulation 
(Williams, 1987). Although very large proteins tend to display a high surface activity, 
mass is not necessarily the major driving force. The highly diverse structure, multi­
domain organisation, structural flexibility and high charge density all contribute and act 
to favour adsorption with a large number of surface contact points.
As fibrinogen is both an important and highly surface-active protein found in 
blood, its adsorption is frequently measured in biocompatibility tests. In this work it was 
chosen to study its adsorption to the phosphorylcholine polymer surfaces and other solid 
interfaces as an essential contrast to the more stable and globular lysozyme and albumin 
proteins.
1.2.2 The Mechanism of Protein Adsorption
The extent of protein adsorption is determined by the delicate balance of the 
interactions between the protein molecules within the adsorbed layer and those between 
the layer and the solid substrate. Although electrostatic and hydrophobic interactions are 
often regarded as the most important driving forces for protein adsorption, the relative 
significance of these interactions in a given system depends on the details of the protein 
structure and the particular surface involved (Arai et al, 1990; Feng and Andrade, 1994; 
Horbett and Brash, 1995; Norde, 1996; Shirahama et al, 1990). A number of complex 
models and hypotheses for the exact mechanisms of protein adsorption have been 
described in detail elsewhere (Horbett and Brash, 1995).
Electrostatic interaction becomes significant once a protein is near a charged 
interface (Feng and Andrade, 1994). Each protein molecule has a heterogeneous surface 
and normally exposes both positive and negative charges. Therefore, both attractive and 
repulsive interactions are possible depending on the protein and surface type. In 
addition, there are groups present on a protein’s surface with hydrogen-bonding 
abilities. Hydrogen-bonding occurs when a hydrogen atom is sandwiched between two 
electronegative atoms resulting in a strong interaction. Once the protein molecules are 
sufficiently close to the substrate surface, such as a metal oxide, hydrogen-bonding 
becomes significant. Hydrophobic interactions are often considered to be the most
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prominent interactions of protein adsorption (Andrade and Hlady, 1986). The driving 
force for hydrophobic attraction arises from entropic effects due to the unfavourable 
ordering of water molecules at the water/apolar interface. Protein adsorption leads to the 
release of highly ordered water molecules from the hydrophobic interface. Hydrophobic 
interaction results in proteins in solution orientating themselves so that the hydrophobic 
groups are directed towards the centre of the protein and the hydrophilic groups interact 
with the aqueous environment, thus minimising the total interfacial free energy.
The tendency for surface adsorption is also affected by other factors including 
the size and structure of the protein, determined by its amino acid sequence which varies 
significantly between proteins (Horbett and Brash, 1987). Since size and structure are a 
function of each other and specific to the protein type, both must be considered to be 
important interrelated factors in determining the adsorption properties. For example, 
larger proteins with a fibrous structure have an increased surface area compared to a 
protein of the same size with a compact globular structure and, therefore, more binding 
domains available to form multiple binding points at the interface (Morissey and 
Shamberg, 1974). Other factors involved in determining a protein’s affinity for a surface 
include: its overall charge (Norde et al, 1987); its stability and rate of unfolding at the 
interface (Feng and Andrade, 1994; Kondo et al, 1991); and, its hydrophobicity (Horbett 
and Brash, 1987).
Hysteresis, with respect to bulk protein concentration, is a characteristic feature 
of protein adsorption and has been demonstrated on a number of substrates using 
various proteins (Norde et.al, 1992a and 1992b). The origin of the irreversibility has 
been attributed to an accumulation of direct contacts between protein fragments and the 
surface, which eventually become too numerous to allow desorption. Hysteresis is 
usually worse at a hydrophobic surface (Ferguson et al, 1993; Iwasaki et al, 1996; Prime 
and Whitesides, 1993) possibly because of the strong affinity of the hydrophobic surface 
for hydrophobic fragments within the protein. Such interactions may lead to the 
denaturation of the globular structure of proteins, like lysozyme, with attendant 
irreversible adsorption. Changes in pH also affect the amount and stability of the 
adsorbed protein layer. Recent neutron reflection studies have shown that adsorption of 
lysozyme at the hydrophilic silicon oxide-water interface is completely reversible with
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respect to pH, suggesting that an electrostatically driven adsorption process does not 
necessarily lead to irreversible denaturation (Su et al, 1998a).
1.2.3 Techniques used to Investigate Protein Adsorption at the 
Solid/Liquid Interface
A number of experimental techniques have been used for studying protein 
adsorption at solid-liquid interfaces. Each varies in the level of qualitative and 
quantitative information that can be derived from the experiments. Therefore, the 
method employed is chosen taking into account the aim of the study in question.
Immunoassays (Ishihara et al, 1998a and 1998c; Nimeri et al, 1994), UV 
spectroscopy (Ishihara et al, 1998b), SDS-PAGE (sodium dodecyl sulphate 
polyacrylamide gel electrophoresis) (Soderling et al, 1996), scanning electron 
microscopy (SEM) (Campbell et al, 1994) and atomic force microscopy (AFM) (Ortega- 
Vinuessa et al, 1998) are amongst the frequently reported techniques in literature. These 
provide observations and estimates for the level of adsorption to different surfaces but 
they provide very limited quantitative information about the structural compositions of 
the protein layers. AFM, however, is becoming increasingly utilised to reveal more 
detailed information about the structural features of adsorbed layers (Fritz et al, 1995).
Differential scanning calorimetry (DSC) and circular dichroism (CD) are often 
used to determine information about the conformation of proteins at an interface. Recent 
work has highlighted the use of differential scanning calorimetry (DSC) in studying 
structural changes in adsorbed proteins (Yan et al, 1995). It is a relatively simple and 
easily accessible technique based on the fact that adsorbed protein will not show a 
thermal transition corresponding to unfolding if it is already unfolded at the surface. For 
example, it has been used to show that lysozyme adsorbed to polystyrene particles is 
completely unfolded. Circular dichroism (CD) is another important method used in 
studying the conformation of proteins on particle surfaces (Billsten et al, 1995; Kondo et 
al, 1991 and 1996). The spectra of the adsorbed proteins can be observed and used to
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assess any structural changes. However, in many situations, the interpretation of such 
spectra requires much experience.
The performance of phosphorylcholine coated materials has largely been 
evaluated by measuring the reduction in protein adsorption and platelet adhesion using 
these types of techniques. For example, both immunoassay tests and scanning electron 
microscopy (SEM) have been the primary techniques for most research work in this area 
(Campbell et al, 1994; Ishihara et al, 1998a and 1998c). As already mentioned, these 
techniques have the main disadvantage of providing only estimates of the level of 
protein adsorption at the surface and measurements have to be done after either 
removing the sample from the protein solution and/or after drying and freezing it. The 
sensitive biological environment is, therefore, lost.
Ellipsometry is an example of an in situ technique and in recent years has 
become popular in this field. It is an optical technique able to probe the adsorbed protein 
layers at various interfaces (Azzaam, 1977). The extensive work of Malmsten et al 
(1994a, 1994b, 1995), Cuypers et al (1983), Wahlgren et al (1991) and Van der Heiden 
et al (1998) have demonstrated the effectiveness of this technique in quantifying the 
amount of protein adsorbed under different surface and solution conditions. The main 
difficulty with techniques such as ellipsometry is that no information about the in situ 
structural conformation of the adsorbed protein layer can be detected. However, in 
contrast, neutron reflection can potentially reveal such details and will be the main 
technique used to characterise protein adsorption on the surface of the PC-polymers.
Specular neutron reflection offers very reliable density profiles for the adsorbed 
protein layer (Penfold, 1990a). The high resolution of neutron reflection arises from a 
combined effect of the shorter wavelength and the use of isotopic substitution as will be 
described later. This technique has previously been successfully applied both to the 
study of polymer films at the solid-liquid interface (Arrighi et al, 1993; Fernandez et al, 
1990) and the structural analysis of phospholipid monolayers and bilayers (Bayer et al, 
1990; Johnson et al, 1991). It has also been extensively used for the study of protein 
adsorption at a number of model interfaces (Lu et al, 1998 and 1999; Su et al, 1998a, 
1998b and 1998c).
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1.3 The Main Objectives of the Thesis
The main objective of this thesis is to quantify the level of adsorption of proteins 
onto varying PC-incorporated polymers. As outlined previously, many techniques have 
been employed to study protein adsorption at PC-polymer surfaces but few provide a 
precise quantitative measurement of the level of adsorption or give any structural 
information about the conformation of the layers. The potential of specular neutron 
reflection for investigating the structures and compositions of coated PC-polymer films 
and the subsequent adsorbed protein layers has not yet been realised and it is the aim of 
this thesis to demonstrate its capabilities. Since protein adsorption at several model 
solid-water interfaces has already been investigated, the results from this work will 
enable a direct comparison to be made on the extent of their reduction in protein 
adsorption. This thesis also highlights the compatibility of spectroscopic ellipsometry as 
a useful complementary tool when used in conjunction with neutron reflection analysis. 
In spectroscopic ellipsometry the measurements can be performed over a wide range of 
wavelengths adding significant restrictions to the number of models that can be used to 
fit the data, thus enhancing the reliability of the structural profile obtained from the 
model fitting.
In Chapter 3, the procedures for the preparation of the polymer surfaces suitable 
for neutron reflection and ellipsometry analysis are described. It was necessary to 
establish a method for coating a very thin and uniform polymer layer, which would both 
conform to the sensitivity demands of these techniques and serve to highlight the 
adsorbed protein layers. Through examining a number of coated PC-polymer films using 
ellipsometry, the effects of various coating conditions were fully characterised. AFM 
was employed to confirm the quality and uniformity of the polymer films.
Chapter 4 focuses on the use of both neutron reflection and spectroscopic 
ellipsometry to study protein adsorption at a number of model interfaces, including bare 
silicon oxide. In this study the surface properties could be controlled to allow a 
systematic examination of the effect of the different physical properties of the surfaces 
on protein adsorption. In addition this work served the important purpose of allowing a
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direct cross-examination of the results from the two techniques and providing surface 
excess values by which to determine the extent of reduction at each of the PC-polymer 
interfaces.
In Chapter 5, the structure of the protein layers adsorbed to PC100A are 
examined. This work represents the first attempt to characterise the structure of these 
polymer films, the distribution of water across the film and protein adsorption in a 
systematic manner. These results show the effectiveness of this polymer in reducing 
protein adsorption when compared with the measurements from model interfaces.
Chapter 6 focuses on a cross-linked PC-polymer called PC100B. Although 
PC100B has the same ratio of PC to dodecyl chains to that of the non-cross-linking 
polymer PC 100A, the structure of the film is completely different. The distribution of 
water across the film is uniform as a result of the formation of silyl cross-linking. 
Further measurements using the dodecyl chain deuterated PC100B shows that there is a 
clear fragment segregation across the film. The hydrophobic components are 
sandwiched in the middle of the film and the hydrophilic parts are preferentially 
expressed on the outer surface. This study presents the first experimental evidence to 
support the hypothesis of the preferential expression of PC groups.
Chapter 7 continues the study of the PC100B series, with focus on the 
examination of the effect of cross-linking groups. Together, the results from Chapters 5, 
6 and 7 facilitate a discussion of the important structural features of a PC polymer 
surface for effective reduction of protein adsorption.
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Chapter 2
Experim ental Details
2.1 Specular Neutron Reflection
In this section, the theory of neutron reflection will be introduced. The 
procedures used for performing all the experiments presented in this thesis and the 
method of analysis of the data will be fully described.
2.1.1 The Theory of Specular Neutron Reflection
In principle, the theory of neutron reflection is similar to that for light or laser 
reflection. Figure 2.1 shows a schematic representation of the experimental geometry 
of specular neutron reflection. When a parallel neutron beam hits a flat surface 
covered with a thin film at the incidence angle, 9, the radiation is reflected off at the 
same angle (specular reflection). The intensities of both the incoming and exiting 
beams are monitored, and the ratio of the two is known as the reflectivity, 
R.
Beam in Beam out
Figure 2.1 Schematic representation of the reflection of an incoming neutron beam 
from a thin film adsorbed on a planar surface.
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Neutron reflectivity is usually plotted as a function of momentum transfer, k, 
(k  = 4TCsin0/X, where X is the incidence beam wavelength). The level and shape of 
the reflectivity profile is determined by the thickness of the layer, i, and the variation 
in refractive index along the surface normal direction of the film. This can be further 
explained by referring to the two parallel beam lines in Figure 2.1, where the phase 
of the beam reflected off the upper part of the film is shifted with respect to that from 
the lower part of the film. Neutrons are unaffected by the electron cloud surrounding 
atoms, they only interact with atomic nuclei via the “strong” force which holds 
neutrons and protons together. The reflectivity of a surface depends on the nature of 
this interaction. This is often described by the “scattering length” (/;), which is a 
measure of how much, and in what direction, the wave front of a neutron beam is 
displaced.
Scattering lengths govern the apparent neutron refractive index, 77, for any 
given interface but because scattering lengths are positive and often very small, the 
values for refractive indices are less than one (it should be noted that the light 
refractive index for all materials is greater than one). Therefore, in order to maximise 
the reflected signal, the neutron beam has to be incident at glancing angles (<2°) to 
the surface under investigation. Above a critical angle the reflectivity will drop 
below unity because the incident neutrons are partially reflected and partially 
transmitted.
In neutron reflection, the refractive index, r\, is usually substituted by a 
quantity known as scattering length density, p(z), and the two terms are related (Born 
and Wolf, 1970; Heavens, 1965; Penfold and Thomas, 1990) by the equation:
2 %77 = 1  p  2.1
TC
The scattering length density p (z) is then related to the chemical composition 
of the interfacial layer by:
P ~Tjb.ru. 2.2
i
where b\ is the scattering length of nuclear species i and m\ is its number density.
The value of scattering length (b) varies from isotope to isotope, and may be 
of opposite sign between atoms and even between different nuclei of the same 
element. A good example is the variation of the scattering length from -3.74 x 10'5
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A for hydrogen to 6.67 x 10'5 A for deuterium. It is, therefore, possible to use 
isotopic substitution to produce different reflectivities from a given chemical 
structure and this can be very useful in helping to reveal the structural details of an 
interface. As the scattering length for oxygen is 5.8 x 10'5 A, it can be easily 
calculated from equation 2.2 above that the values of p for H2O and D2O are of 
opposite sign. As neutron reflectivity is a function of p, this means that by varying 
the ratio of H2O and D2O in the surrounding solution, the surface can also be 
highlighted differently. This is frequently called contrast variation and will be 
discussed in more detail later. The scope for isotopic substitution and the variation in 
the solution contrast enhances the capabilities, sensitivity and applications of neutron 
reflection.
2.1.2 The Measurement of Neutron Reflection
2.1.2.1 Introduction
It is straightforward to perform specular neutron reflection measurements at 
the solid/liquid interface. The neutron beam impinges on the solid surface at a 
chosen glancing angle of incidence, 9, and is reflected from the surface to the 
neutron detector. The neutron reflectivity is measured as a function of momentum 
transfer, ic, perpendicular to the surface. It is possible to measure the reflectivity by 
varying either or both the incident angle 0 or neutron wavelength X. This leads to 
two main types of reflectometer: fixed wavelength and time-of-flight. In a fixed 
wavelength reflectometer, the reflectivity is measured as a function of the angle of 
incidence at a constant wavelength. The angle of incidence is varied using a device 
such as a supermirror to alter the path of the neutron beam. Two typical examples of 
such instruments are the reflectometer NG7 at the National Institute of Standard and 
Technology (NIST) in the USA and D17 at the Institute Laue Langevin (ILL) in 
France. In a time-of-flight reflectometer, the reflectivity is measured as a function of 
neutron wavelength at a constant angle of incidence. The reflectometers CRISP and 
SURF in the Rutherford Appleton Laboratory (RAL) are examples of the use of the 
time-of-flight method. All the measurements presented here were carried out on 
CRISP. The details of this instrument have been described elsewhere (Penfold et al,
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1987a and 1987b; Bucknall and Langridge, 1999) and only its main features will be 
outlined here.
2.1.2.2 The CRISP Reflectometer
The reflectometer CRISP uses the pulsed neutron beam obtained from the 
ISIS neutron facility. At ISIS, linearly accelerated IT ions are introduced into a 
synchrotron, where two electrons are stripped from the H" ions by a 0.25 pm thick 
alumina foil, to produce protons which are then accelerated around the synchrotron 
ring. Once accelerated to the required energy, the protons are extracted and guided to 
the target station. It is here that the neutrons are produced by disintegration of the 
nucleus of a heavy metal, such as uranium, as a result of collisions with the high- 
energy protons. As the proton beam is pulsed, so too is the neutron beam. Around 
the target there are an array of moderators, where the neutrons are slowed down by 
collisions with hydrogen nuclei. For CRISP, the neutrons are moderated by liquid 
hydrogen at 20 K.
A schematic diagram of the CRISP instrument is shown in Figure 2.2. Much 
of the instrument is now highly automated, allowing precision control and providing 
a high degree of reproducibility. The incident beam is well collimated by both coarse 
and adjustable fine slits (S1-S4). These slits provide variable beam size and angular 
divergence, with typical dimensions of 40 mm wide (horizontal) and anything up to 
10 mm in height (vertical). The reflectometer uses a broad band neutron time-of- 
flight method for determining the wavelength X, and hence k , at fixed angles of 9. 
This means that the neutrons are analysed according to their time of arrival at the 
detector. A variable aperture disc chopper defines the wavelength band and prompt 
overlap suppression is provided by a nimonic chopper. Additional frame overlap 
suppression is provided by the nickel coated silicon wafer mirrors. (NB. Frame 
overlap is when long wavelength neutrons from one pulse reach the detector at the 
same time as fast neutrons from the next pulse. Therefore, the main beam 
wavelengths greater than 13 A need to be reflected out to reduce the problem). There 
are two types of detectors on the instrument, a 3He single detector and a 1-D position 
sensitive multidetector.
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Figure 2.2 Schematic diagram of the CRISP reflectometer.
The two choppers can operate at a rotation rate of either 25 or 50 Hz, giving 
wavelength bands of 0.5 -  13 A and 0.5 - 6.5 A, respectively. At an incident angle of 
1.5°, the 0.5 -  6.5 A wavelength band produces a momentum transfer range,k, of 
0.05 -  0.5 A*1, which is ideal for the investigation of polymer films and protein 
adsorption at the solid/liquid interface. In addition, the neutron flux reaches its 
maximum flux in this wavelength band.
Figure 2.3 Plan and elevation picture of the CRISP sample position showing the 
sample table.
Solid/liquid samples can be studied using a 2 arc, height adjustable sample 
position. A diagram of the layout of the sample area configuration is shown in Figure
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2.3. The sample position is located 10.25 m from the source and 1.87 m from the 
detector. The sample is aligned using a visible laser beam, which follows the same 
path as the neutron beam. The incident beam is monitored by two low efficiency 
scintillation counters at Monitor 1 and Monitor 2 (see Figure 2.2) before it impinges 
on the sample. The second monitor is used to normalise the measured reflectivity 
data.
2.1.2.3 Sample Preparation
For the purpose of this research, the experiments were performed at the 
solid/liquid interface. All polymer films were coated onto a silicon oxide substrate. 
The substrate in this case was a (111) silicon block of dimensions of 12.5 x 5 x 2.5 
cm3. The large (111) face of the silicon block was polished using an Engis polishing 
machine. The block was first lapped on a copper plate with 3 pm diamond polishing 
fluid, and then on a pad with 1 pm diamond followed by 0.1 pm alumina fluids. The 
freshly polished surface was immersed in neutral Decon solution (5%) and 
ultrasonically cleaned for 30 minutes. This was followed by a further 30 minutes of 
ultrasonic cleaning in water. Following copious rinsing, the block was ready for 
cleaning by an acid-peroxide treatment. This treatment was found to be successful at 
cleaning and generating a smooth oxide layer of 20 ± 5 A (Brzoska et al, 1992; Vig,
1985), which was suitable for polymer coating. This was part of the important 
procedure developed and devised to reproducibly coat thin and uniform polymer 
layers onto a Si02 surface. Therefore, this method and details of the method for dip- 
coating the polymer films onto the blocks will be explained in Chapter 3.
It should be noted that, prior to any neutron reflection experiments, both the 
oxide layers and the resulting coated polymer films on the silicon blocks were first 
characterised using a series of ellipsometry measurements. Ellipsometry 
measurements are described in section 2.2 and the method used to characterise a 
polymer film will be described in Chapter 3. These measurements helped to establish 
the successfulness of the treatments and coating and the quality of the polymer film, 
before proceeding to neutron reflection.
The sample cell used for the solid/liquid experiments was almost identical to 
that depicted by Fragneto et al (1996). A PTFE trough contained the aqueous 
solution. This was then clamped against the silicon block by two alumina plates,
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through which water could be circulated to thermostat the cell at 298 K. In this cell, 
the collimated beam entered the end of the silicon block, reflected from the solid- 
water interface and then exited from the opposite end of the block.
The solutions were fed into the sample cell through a soft silicone tube 
attached to a glass syringe. Care was taken to make the injection slowly, in order to 
avoid the possible entrapment of bubbles inside the sample cell, especially when 
protein solutions were used. All protein and surfactant solutions were prepared 
according to the specifications in section 2.4.
2.1.2.4 Data Collection and Normalisation
The solid-liquid experiments were performed using neutron wavelengths 
from 0.5 to 6.5 A. Each reflectivity profile was measured at three different glancing 
angles, 0.35°, 0.8° and 1.8°, and the results were combined. The beam intensity was 
calibrated by taking the intensity below the critical angle for total reflection at the 
silicon oxide/D20  interface to be unity. A flat background determined by 
extrapolation to high values of momentum transfer, k , was subtracted. For all the 
measurements, the reflectivity profiles were essentially flat at k > 0 .2  A"1, suggesting 
attainment of a constant level of background. The limiting signal at this point does 
depend on the H20 / D20  ratio. A typical background for a D20  run was 2 x 10"6 and 
that for H20  was 3.5 x 10'6 (measured in terms of the reflectivity).
For each polymer film, it was essential to first check its swelling and stability 
in water. This was achieved by measuring a number of sequential runs in D20. Once 
it had been confirmed that the profiles were stable with time, and hence that the 
polymer film had equilibrated, it was possible to begin to measure reflection profiles 
for use in the determination and analysis of the film structural details. For this 
purpose, the film was measured under a number of contrasts. The use of H20  and 
D20  can vary the scattering length density of the substrate and thus serve to 
highlight the interfacial composition. Therefore, at least three of H20, D20, CM4 
(D20:H20  = 2:1 and p = 4 x 10'6 A’2) and CMSi (D20: H20  = 1:2 and p = 2.07 x 10" 
6 A"2) were used for each coated film, the choice depending on the scattering length 
density of the polymer being studied.
Once the structure had been characterised, protein solutions were sequentially 
added according to the particular experiment specifications to study the adsorption 
on the surface.
A reflectivity profile requires one to three hours counting time on CRISP. 
This data collection time depends on the ratio of signal to background and the type 
of analysis required. For example, the determination of the layer structure requires 
greater precision and hence longer counting time. Checking for any change with time 
would only require a short counting time to enable profiles to be compared.
The neutron intensity is measured as a function of time for each pulse and is 
stored in 100 microsecond bins. The wavelength distribution is recorded by the 
second monitor, monitor 2, and the data is then normalised to this distribution. The 
reflectivity data is expressed as a function of momentum transfer, k , and is rebinned 
in constant 5k/k bins of 10%. Because of the different efficiencies and wavelength 
dependencies of the monitor and the detector, the measured reflectivities need to be 
calibrated. The scaling factor for the calibration was obtained from a weighted least 
squares fit of the known reflectivity of D2O to an experimentally determined D2O 
profile. All reflectivity measurements were then calibrated using this factor.
2.1.3 The Analysis and Modelling of Neutron Reflection Data
2.1.3.1 The Optical Matrix Theory and Method
Neutrons are specularly reflected, the same way as light polarised 
perpendicular to the plane of reflection. Therefore, it follows that any method used to 
calculate optical reflectivity can in turn be used to calculate neutron reflectivity. The 
use of the optical matrix method in the calculation of the neutron reflectivity of thin 
films has been fully described by a number of authors (Born and Wolf, 1970; Lekner 
1987; Sears, 1989).
The principle and method of extracting structural infromation from the data is 
relatively straightforward. A structural model is assumed , in which the interface is 
divided into a suitable number of uniform sublayers and the corresponding 
reflectivity is calculated using the optical matrix formulism (Born, 1970). The
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calculated reflectivity profile is then compared with the measured one and the 
structural profile is modified accordingly. This procedure is repeated until a good fit 
is obtained. The software for such calculations is widely available and most 
programs can be run in Windows on a PC.
The principle parameters used in the calculation are the thicknesses of each 
of the component sublayers (ri) in the model and their corresponding scattering 
length densities (pi). At this stage, it should be noted that (see equation 2 .2) the 
scattering length density is directly related to the chemical composition of the 
interfacial layer. It is possible that a good fit of a single reflectivity profile may not 
correspond to a unique structure, especially if several structural parameters are being 
used to fit the data. However, since the scattering length density of a given layer 
varies with isotopic composition, the use of reflectivity profiles from different 
isotopic compositions can usually ensure that an unambiguous model of the interface 
is obtained. Hence the reason for use of the contrast solutions (containing different 
ratios of D2O and H2O) as previously described. This does, however, add to the 
complexity of the fitting procedure. The choice of the number of sublayers depends 
on the complexity of the system but the general procedure is to use the minimum 
number that will fit the whole set of data.
2.1.3.2 The Structural Analysis of Polymer Films
From the model fitted for the polymer film structure, under a number of 
water contrasts, it is possible to derive information about the volume fraction of 
polymer and water present in each layer, and hence their distribution across the film. 
The fitted scattering length desity (SLD) for a layer (pi) is related to the volume 
fractions of polymer (<J>P) and water (4>w) by the following equation:
where pp is the SLD of the polymer and pw is the SLD of the contrast solution used 
(eg. D20). It should be noted that the total of all the component volume fractions 
must be equal to 1 :
Therefore, rearranging equation 2.4 and substituting into equation 2.3, to give:
P i  ~  P pf i p  +PW0W 2.3
^ + A v =1 2.4
Pi^Ppfp+PvQ-t,) 2.5
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After discussing the method by which reflectivity profiles are calculated, it is 
interesting to demonstrate through simulating profiles that neutron reflection is 
indeed sensitive to the presence of a thin polymer layer on a silicon oxide surface. 
Figure 2.4 compares the simulated reflectivity profile calculated for a bare silicon 
oxide layer of 20 A, measured in D2O, to that for the same surface with a coated 50 
A layer of a polymer. The SLD for the polymer layer, in this case, is assumed to be 3 
x 1 O'7 A~2, a value typical of that for a dry, fully hydrogenated polymer in the bulk 
(ie. always close to zero). The difference between the profiles demonstrates the 
sensitivity of the technique to the presence of the polymer layer when measured 
under D2O.
Momentum Transfer/A"1
Figure 2.4 Reflectivity profiles calculated for a bare silicon oxide surface with a 20 
A oxide layer in D2O (solid line) and for the same surface coated with a 50 A layer 
of dry hydrogenated polymer (dashed line), again under D20.
Figure 2.5, however, shows the calculated profile for the same layer 
compared to the bare oxide when measured under H2O and the differences are much 
smaller than observed in D2O. The SLD of H2O is of course very close to that for the 
fully hydrogenated polymer and, therefore, the layer is not highlighted as efficiently
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as in D20, where the contrast between the two is much more pronounced. This 
explains the need for contrasts in this investigation.
Momentum Transfer/A-1
Figure 2.5 Reflectivity profiles calculated for a bare silicon oxide surface with a 20 
A oxide layer in H20  (solid line) and for the same surface coated with a 50 A layer 
of dry hydrogenated polymer (dashed line), again under H20.
Figure 2.6 shows that the calculated profile for the same polymer layer, still 
assuming a thickness of 50 A, but this time containing 50% D20  (ie. with a layer 
SLD of 3.3 x 10'6 A'2). The profile is again markedly different from that for bare 
oxide. The shape of the profile is also different to that calculated for the dry layer, 
showing that neutron reflection is sensitive to the different composition of the layer.
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Momentum Transfer/A"1
Figure 2.6 Reflectivity profiles calculated for a bare silicon oxide surface with a 20 
A oxide layer in D2O (solid line) and for the same surface coated with a 50 A layer 
of hydrogenated polymer containing 50% water (dashed line), again under D20.
2.1.3.3 The Analysis and Quantification of Protein Adsorption
Once the structure of the polymer films had been determined, protein 
adsorption after the addition of different protein solutions was studied. Neutron 
reflection is also sensitive to the presence of a thin protein layer on the surface of the 
thin polymer films. Figure 2.7 simulates the reflectivity profiles in D20  before and 
after the addition of a 30 A layer of globular protein to the 50 A polymer film 
(shown in Figure 2.6 and containing 50% water). The surface excess of protein is 
taken to be 0.9 mgm'2, where the layer is 20% protein and 80% water. The difference 
between the profiles demonstrates the potential sensitivity of the technique.
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Momentum Transfer/A-1
Figure 2.7 The reflectivity profile calculated for a 30 A layer of globular protein 
adsorbed on the polymer surface, as described in Figure 2 .6, (dashed line). The 
surface excess is taken to be 0.9 mgm'2. The profile calculated for the clean polymer 
surface is shown for comparison (solid line).
After fitting the profiles, the composition of the protein layer can be analysed 
in terms of protein and water content. This uses an identical approach to that
described for the polymer layers. That is, the fitted SLD for a protein layer (pi) is
related to the volume fractions of protein ((|>Prot) and water (©) present by the 
equation:
A = Pprot<fiprot+PjW 2-6
where pprot is the SLD of the protein. Again, if the layer is composed of water and 
protein layer, then the total of their volume fractions must equal 1 :
</>prot+<l>W = 1 2 -7
As described for the polymer layer, the relationship shown in equation 2.7 can be 
used to solve equation 2.6 and determine the volume fractions of both water and 
protein in the layer.
The area per protein molecule (A) can be deduced from the fitted SLD and 
thickness (xi) for the layer from the following equation:
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a J - ^ + ,K K  2.8
P i* i
where bprot is the scattering length of the protein, bw is the scattering length of the 
contrast solution used and nw is the number of water molecules associated with each 
protein molecule. The value of nw can be evaluated from:
A .t { -  V
nw= —   p-  2.9
W y
r w
where Vw and Vp represent the volume of water (30 A3) and the protein molecules,
respectively. The surface excess (F) in mgm"2 is related to A by:
A/fw
^ vro t  —  —  2.10
'  A ( N A)
where Na is Avogadro’s constant and Mw is the molecular weight of the protein.
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2.2 Spectroscopic Ellipsometry
In this section the theory of ellipsometry and the procedures for the 
experiments are described.
2.2.1 The Theory of Ellipsometry
Ellipsometry is a sensitive optical technique which measures the change in 
the polarisation of light due to reflection from a thin film or substance on a reflecting 
sample surface.
The incident beam has a known state of polarisation and it is the change in 
this state after reflection that is characterised experimentally. This is measured by 
determining the change in the amplitude and phase of the polarised light in two 
components: in the plane of the reflection (the p-plane) and perpendicular to this 
plane (the s-plane). Figure 2.8 shows the measurement geometry for ellipsometric 
experiments.
plane o f  incidence
Figure 2.8 Measurement geometry for ellipsometric experiments.
The plane of incidence is defined as that plane which contains the input 
beam, the output beam, and the direction normal to the sample surface. The angle of
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incidence (0) is defined as the angle between the input beam direction and the 
direction normal to the sample surface.
The two ellipsometric angles psi and delta, \j/ and A, are defined in the 
following description (De Feijter et al, 1978). Prior to reflection, the polarisation 
state of the light is characterised by the amplitude ratio, Ap/As, and phase difference, 
8p-5s, of the two components, p and s. Upon reflection from the sample surface, both 
the amplitude ratio and phase difference change. The angle A is the change in phase 
difference caused by the reflection:
where the subscripts r and i represent the reflected and incident light, respectively.
Each sample will have its own Fresnel reflection coefficients, Rp and Rs, 
(corresponding to the p- and s-planes, respectively). The ratio of the Fresnel 
reflection coefficients defines the ellipticity a  (a complex number), which is related 
to the angles \|/ and A by the equation (Azzam and Bashara, 1977):
This definition relates the ellipsometric parameters \j/ and A, which are measured in 
an experiment, to the Fresnel coefficients which are dependent on the actual sample.
For a single interface, the ellipsometric angles are a function of its refractive 
index and the angle of the incident light (0) from the normal to the sample surface. 
The refractive index of a material is also dependent on the wavelength (X) of the 
light, as a result of optical dispersion. Therefore, \|/ and A also vary with wavelength. 
In most cases, there are one or more thin layers on the sample surface. In this case 
the Fresnel coefficients, and hence \|/ and A, also vary with layer thickness and its 
optical constants.
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The angle \|/ is defined by the ratio of the amplitude ratios before and after reflection:
2.12
a  = —  = tan y/eiA 2.13
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2.2.2 Ellipsometry Measurements
2.2.2.1 Introduction
Ellipsometry is a very useful laboratory-based technique to use in parallel to 
neutron reflection because of its more ready availability and ease of use. Processes 
can be more easily studied as a function of time and hence it can be more useful in 
helping to evaluate time-dependent events.
For the purpose of measuring the polarisation state of the light, ellipsometers 
must consist of several optical elements. The ellipsometer schemes vary from 
instrument to instrument but all of them have the same functional elements:
Source of light -> Polarisation generator —> Sample surface -> Analyser —> Detector 
The source of light can either be a laser or a stable output lamp (typically a Xe lamp 
for the UV/vis spectral range). The polarisation generator is usually a polariser with 
a fast axis that can rotate normal to the beam path. The analyser is an optical element 
(usually a second polariser) which allows the measurement of the angle between the 
transmitted polarised light and the plane of incidence. The detector is either a 
photomultiplier or a photodiode, or where simultaneous detection is needed for the 
whole spectrum, a multi-channel photodiode array.
There are three main categories of ellipsometer types: null; polarisation- 
modulated and rotating-element. Both null and polarisation-modulated ellipsometers 
use wavelength-dependent components and operate at a single wavelength. In 
contrast, the design of rotating-element ellipsometers allows simple and precise 
spectroscopic measurements. They are suited for applications where the primary 
requirement is accurate measurements over a wide wavelength range. There are two 
types of this ellipsometer design: rotating-analyser spectroscopic ellipsometers 
which determine the polarisation state by an analyser rotating at a stabilized 
frequency; and, rotating-polariser spectroscopic ellipsometers where the analyser is 
fixed while the polariser (on the incident beam) rotates. Unlike the null and 
polarisation-modulated ellipsometers, these have no retarding element included after 
the polariser, which makes the spectroscopic measurements possible. The instrument 
used in this work is a rotating-analyser spectroscopic ellipsometer and will be 
discussed in more detail below.
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2.2.2.2 The Woollam Variable Angle Spectroscopic Ellipsometer (VASE®)
This ellipsometer is manufactured by J. A.Woollam Co., Inc. and is based on 
the rotating-analyser design. Figure 2.9 shows a photograph of the VASE 
instrument.
Sample
Stage
Polar iser
Figure 2.9 The Woollam Variable Angle Spectroscopic Ellipsometer (VASE®)
The following is a list of some key features included in the VASE system:
• A beam chopper is placed at the output of the monochromator (the 
monochromator separates light of a particular wavelength from a white beam).
• Using synchronous detection techniques, a VASE instrument rejects ambient
light and can be operated with the room lights on.
• Solid state detectors are used. These are more reliable, more linear, less
polarisation sensitive, and less expensive than photomultiplier tubes.
• The detector spectral range can be very wide using a stacked detector unit: 
silicon 185-1100 nm, InGaAs 800-1700nm.5 v
• The rotating-analyser is a continuous motion stepper-motor. Data acquisition is 
perfectly synchronised without the use of position encoders.
The ellipsometer can be used for routine sample analysis. The spectroscopic
data acquisition system is automated, with a computer-aided measurement system
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and data analysis package. The software package is operated in Windows and is 
called WVASE32™
The combination of variable angle of incidence and spectroscopic 
measurements, that VASE offers, allows the user to acquire large amounts of data 
from a given sample. In addition, the spectral acquisition range and angles of 
incidence can be optimised in order that the measurements are made in the regions 
where the measured data are most sensitive to the model parameters which are to be 
determined. Therefore, this instrument has the flexibility necessary to handle a very 
broad range of sample materials and structures, which single wavelength 
ellipsometers cannot.
There are several factors which determine the limits on the information about 
a given sample which may be determined by ellipsometry. Most of these are related 
to the length scale of the probe used in ellipsometry, ie, the wavelength (X) of the 
incident light beam. Ellipsometry works best for film characterisation when the film 
thickness is not much smaller or larger than the wavelengths of the light used for the 
measurement. In general, films of 5 to 1000 nm are much simpler to characterise.
In addition, roughness features on the sample surface or at a film interface 
should be less than 10% of the probe beam wavelength for the analysis to be valid. 
Larger features will result in non-specular scattering of the incident beam and 
depolarisation of the specularly reflected beam, In addition, the thickness of the films 
under study should vary by no more than about 10% over the width of the beam spot 
on the sample surface or the assumption of parallel interfaces of the film will not be 
valid and, of course, the calculated data cannot be expected to match the 
experimental data.
When mounting a sample for measurement, it must be aligned. This ensures 
that the sample surface is placed perpendicular to the probe beam. If the alignment is 
correct, then the angle of incidence will be correct to within the accuracy of the 
goniometers (the rotational stage used to precisely set the angles of incidence) 
(±0.005°). The sample can be aligned to within 0.001°, with respect to the probe 
beam. Alignment is performed by adjusting the position of the sample stage.
Calibration of the instrument must be performed each time when the 
ellipsometer is initialised, with its purpose being to calibrate the polariser offset, 
analyser offset and the detector attenuation.
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Spectroscopic scans can then be used to acquire ellipsometric data as a 
function of wavelength and/or incidence angle. Dynamic scans are also possible to 
acquire time-dependent data. For fast data acquisition, these scans are performed at a 
single wavelength and angle of incidence.
2.2.2.3 Sample Preparation
As for neutron reflection, the substrate used for polymer coating and the 
subsequent analysis was silicon oxide. In this case thin silicon oxide wafers (111) 
were used after cutting into rectangular strips (approximately 3 x 6  cm). The use of 
wafers meant that bulk numbers of samples could be prepared for analysis and 
preparation work. However, measurements of layer thickness on silicon blocks, in 
preparation for neutron reflection work, were also possible. The silicon wafer and 
block surfaces were cleaned and dip-coated with the polymers by identical 
procedures. These methods are described in Chapter 3, as they were established as 
part of the work made in an effort to develop a successful and reproducible method 
for coating a thin and uniform polymer for use in subsequent studies.
In order to perform the solid/liquid experiments, it was necessary to design a 
cell which satisfies the geometrical requirements of this eliipsometer. A diagram of 
the solid/liquid cell used in this work is shown in Figure 2.10. The thin glass 
windows on the cell are fixed at an angle of 75°, which ensures that the incidence 
beam hits the window at right angles and is therefore not disturbed from its path. 
Therefore, all solid-liquid measurements were made at an incidence angle of 75°. 
The windows are very thin glass slides and stress-free. The cell is designed to hold 
one wafer sample and a brass weight holds the sample securely down in the solution 
in order that it does not move throughout the experiment. The sample can be aligned 
whilst in the cell on the sample stage, before adding the solution. The incoming 
ellipsoidal beam enters the water solution through the glass window, is reflected 
from the solid-water interface and then exits from the opposite end of the cell 
through the second glass window. The effects of the glass slides on the beam can be 
calibrated at the beginning of the measurements.
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Figure 2.10 Diagram of the sample cell used in the solid/liquid experiments. The 
thin, glass cell windows are fixed at an angle of 75°.
2.2.2.4 Data Collection
Although the native oxide layer is thin, it does contribute to the signal of 
ellipsometric measurements. Therefore, the oxide thickness of each sample was 
characterised prior to all thin film studies. For solid/ air measurements, the angle of 
incidence (0) could be varied and it was chosen to analyse at two angles of 70° and 
75° over a wavelength (X) range of 350 to 800 nm. This applied to both the oxide 
and polymer surfaces. The flexibility in adjusting X and 0 allows examination of the 
sensitivity of \j/ and A, so that the measurements are performed over an appropriate 
range. In this case it was found that both \j/ and A show variations with respect to X, 
over the 0 range between 50 and 80°, but with the greatest sensitivity near silicon’s 
Brewster angle of 76°.
In a solid/liquid experiment, the sample was first characterised in air, to 
establish the thickness and quality of the polymer film (or oxide layer). The sample 
was then placed in the cell and alignment was carried out (which must of course be 
performed before adding solution to the cell). A spectroscopic scan was then made to 
collect the \\f and A profiles for that particular spot aligned for all subsequent 
measurements. All measurements in the cell were of course made at the single 
incidence angle of 75° because of the fixed window positions but a full X range of 
350 to 800 nm was still used. Water was then carefully added to the cell, taking care 
not to disturb the sample, and an initial spectroscopic scan made. As the refractive 
index of the water was pre-determined (~1.31) by refractometry, the profiles 
measured were used to fit for any window effects before proceeding with the
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experiment. Once these intial measurements had been made, it was possible to 
continue with the experiment, sequentially adding the buffer and protein solutions to 
determine any changes in the polymer film and any adsorption to the surface. Each 
solution was carefully removed from the cell with a syringe before the next was 
added and a new measurement made. Higher revolutions (of the analyser) per 
measurement were used for liquid measurements to reduce errors and noise.
In the case of the single wavelength dynamic scans made at the solid/liquid 
interface, the scan was started running in air and the solution was then added. This 
ensured that any rapid changes with time could be observed.
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2.2.3 The Analysis and Modelling of Ellipsometry Data
2.2.3.1 The Optical Matrix Method
Structural information (in terms of layer thickness (t) and refractive index 
(n)), with respect to the surface normal direction, can be obtained by fitting 
refractive index profiles to the \j/ and A profiles simultaneously, using the optical 
matrix method. In this work, the data was analysed using the WVASE32™ data 
fitting programme, operated in Windows.
A typical fit is performed as follows. The ellipsometric angles of \|/ and A are 
determined as a function of the wavelength (X) (and in some cases the angle of 
incidence (0)). A model is constructed of the optical system and from this model the 
ellipsometric angles, \]/ and A, are predicted. The predicted and experimental results 
are compared and then the model is adjusted until the diference between the two is 
minimized.
The sensitivity of ellispometrical measurements are enhanced when the 
refractive indices of the two media at the interface differ by a large amount. 
Unfortunately, the refractive indices of most organic materials are in the range of 1.4 
to 1.6 and, as a result, the contrast at the interfaces between these materials is not 
very strong and the sensitivity is therefore low.
The refractive index is wavelength-dependent. In a spectroscopic scan, the 
variation of n with X is usually described by the Cauchy equation:
, B Cn -A - i— — H— — +   2.14
X X4
where A, B and C are constants. Higher order terms can be neglected and only the 
first two terms are usually needed to describe the material over a wide wavelength 
range.
As explained, structural information in terms of % and n can be obtained by 
data fitting to the measured profiles. However, there is some uncertainty in the
independent determination of the refractive index and thickness of ultra thin layers
(oxide, polymer or protein) because of the correlation between the two parameters. 
The conventional approach of fixing one parameter and fitting only for the other was 
used in most cases. There are of course two possibilities for this, either the refractive
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index was fixed to the value correpsonding to the bulk material and the thickness of 
the layer was varied in the fitting, or the thickness was fixed based on prior 
knowledge from a different technique and the refractive index was varied.
The so-called “slab” model is often used to analyse thin film data. This model 
assumes a thickness, x, and a refractive index, n, on a substrate with the ambient/film 
and film/substrate interfaces being parallel. The Fresnel coefficients describing this 
optical system are then modified with an exponential term containing the parameter 
(3 (Azzam and Bashara, 1977), as defined by:
P -  2m  —cos 0 2.15
X
It should be noted that both n and x influence the value of p. By taking 
measurements at more than one value of 9 and X, it is relatively straightforward to 
determine both structural parameters in films thicker than ca 20nm. In very thin 
films, however, these values are highly correlated. A higher value of n and a lower 
value of x yield comparable fits to the data, as do a lower n and higher x.
In interpreting ellipsometry data, there is sometimes a need to predict the 
refractive index of a composite consisting of a mixture of known volume fractions of 
two different media, for example, polymer and water. The most common way of 
calculating the index of a composite material, such as a miscible polymer blend, is to 
use a mathematical model known as an effective medium approximation (EMA).
The dielectric constant of the composite, e, (where e = n2) is related to the dielectric
constant of each of the componets. The simplest EMA model is a linear interpolation 
between the constituent optical constants (Aspnes et al, 1979):
6  ~ I a s a  +  / b s b  +  f c s c> 2.16
Where e is the effective complex dielectric function of the mixture; fA, fB and fc are 
the volume fractions (ranging from 0 to 1) of each constituent material; and, sA, sb 
and ec are the complex dielectric functions of the constituent materials. The volume 
fractions must total unity.
As e = n2, equation 2.16 can be rewritten in a form similar to that described 
for neutron reflection, to determine the volume fraction of each of the components of 
a layer:
« 2 = ”'a0a + " l h  +4</>c 2.17
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where iu, nB and nc are the refractive indices of components A, B and C and 4>a, (|>b 
and 4>c are the volume fractions of those components.
2.2.3.2 Polymer Film Characterisation
The polymer films were fitted to a “slab” model that described the layer as an 
isotropic uniform layer. For such thin films, the refractive index had to be fixed to 
the value for the bulk material. This could possibly introduce some error, especially 
if the films were rough on a scale less than the wavelength of light. However, data 
analysis has shown that for such thin layers, the uniform layer model calculation was 
insensitive to a small variation in refractive index and this insensitivity was also 
reflected by the fact that it was impossible to determine independently the surface 
roughness and the layer thickness. Hence, the fitted layer thickness contains the 
roughness contribution and is thus a measure of the average dimensions of the layer.
The incidence angle of 75° used is the Brewster angle for X ~ 430nm where 
delta passes through 90 degrees. At this wavelength, psi is seen to be most sensitive 
to the layer, when compared to higher wavelengths. It should be noted that the 
Brewster angle is a function of the optical properties of the silicon and water and is 
not affected by the presence of the polymer layer.
It is interesting here, through calculating the profiles for a number of 
theoretical models, to show that ellipsometry is sensitive to the presence of a thin 
polymer layer on a silicon oxide surface. Figure 2.11 compares the \|/ and A profiles, 
plotted as a function of X, calculated for a bare oxide layer of 25 A and then after 
coating with a polymer layer of 50 A (where n = 1.50 at 430nm) under an ambient of 
air. These calculations were made for an incidence angle of 75°. The change in both 
psi and delta is quite large and measurable. This confirms that the technique is 
sensitive to the presence of such a polymer layer on a silicon oxide surface when 
measured in air.
Figure 2.12 compares the calculated \|/ and A profiles, plotted as a function of 
X, for the same oxide and polymer layers described in Figure 2.11 but this time 
measured under an ambient of water. The changes in the profiles again confirm that 
ellipsometry is also sensitive to the polymer layer under water.
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Figure 2.11 Calculated plots of \j/ and A versus X for a bare silicon oxide layer of 25 
A (dashed line) and after coating with a 50 A polymer film (with n = 1.50 at 430 nm) 
(solid line). The calculations were made assuming an ambient of air and 0 = 75°.
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Figure 2.12 Calculated plots of \|/ and A versus X for a bare silicon oxide layer of 25 
A (dashed line) and after coating with a 50 A polymer film (with n = 1.50 at 430 nm) 
(solid line). The calculations were made assuming an ambient of water and 9 = 75°.
2.2.3.3 The Analysis and Quantification of Protein Adsorption
In order to quantify protein adsorption on a surface, measurements of \|/ and 
A were made first in buffer and then in the appropriate concentration of protein. Any 
difference between the profiles demonstrated the presence of an adsorbed protein 
layer on the surface. The exact amount of protein adsorbed, in terms of surface 
excess (T), can be obtained by model fitting. The structural parameters for the oxide 
and polymer layers were fixed, according to fittings from previous measurements, 
when calculating the amount of protein. In the case of the polymer and oxide layers
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the refractive indices were fixed based on prior knowledge and it was the thickness 
that was fitted. However, as a protein only occupies a small fraction of the total 
volume in the layer, the rest being buffer solution, it would not be appropriate to 
assume the bulk refractive index value. Therefore, for protein layers it was the 
refractive index that was fitted. The thickness was fixed based mainly on results 
from neutron reflection experiments. It was interesting to note that, whichever 
parameter was varied, the resulting thickness and refractive index values would give 
the same calculated surface excess, by the equation to be discussed below. 
Therefore, regardless of the problem of parameter correlation in thin protein layers, 
the product of the two is the same.
A simple equation was developed by De Feijter et al (1978) to calculate 
surface excess. This approach makes use of the fact that the refractive index of an 
aqueous solution usually increases with its concentration. The increment in refractive 
index with concentration, a = dn/dc, is well documented in literature for many 
protein solutions and a is found to be in the order of 0.18 ml g' 1 in most cases. The 
values for a for the proteins used in this work are listed later in section 2.4. The 
surface excess (F) in mgm"2 can be expressed as:
r = l £ z a )  2.18
10a
where t  is the thickness of the protein layer in A, n is the fitted refractive index of 
the protein layer and nb is the refractive index of the pure buffer solution. The 
calculation is usually made at 430 nm where the measurement is most sensitive.
It is interesting to note that Cuypers et al (1983) have also developed an 
equation for determining surface excess. This is more complex but it was found that 
both the simple and complex equations give identical surface excess results:
„  0.3 .T.f(ri)
T = -------------------------  =----- (n - n h) 2.19
(Ap / M p) - V 20(n2b -  \){n2b + 2 Y
where:
n + nb
/ (» ) (yi + 2)(nb 4- 2)
and V20 is the partial specific volume of the protein at 20°C (0.75 mlg' 1 for most 
proteins (Cuypers et al, 1983)) and Ap/Mp is the ratio of the molar refractivity to the
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molar weight of the protein (in the order of 0.244mlg'1 (Wahlgren et al, 1991)). Both 
equations give very good agreements within experimental error.
Figure 2.13 confirms that ellipsometry is theoretically sensitive to an ideal 
protein layer adsorbed at a polymer surface. The profiles of \|/ and A calculated in 
Figure 2.12 for a 50 A polymer layer (with n = 1.50 at 430 nm) are compared to the 
profiles calculated assuming x = 30 A and n = 1.370 at 430 nm for the protein layer. 
This leads to a surface excess of 1 mgm"2 and the difference between the profiles is 
small, but measurable.
Wavelength (nm)
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Figure 2.13 Calculated plots of \\r and A versus X after coating a silicon oxide 
surface with a 50 A polymer film (with n = 1.50 at 430 nm) (solid line) compared to 
those after adsorption of 1 mgm'2 protein (dashed line). The calculations were made 
assuming an ambient of water and 9 = 75°.
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2.3 Complementary Techniques
2.3.1 Atomic Force Microscopy (AFM)
AFM was invented by Binnig, Quate and Gerber in 1986 (Binnig et al,
1986). Its advantages over other microscopy techniques stems from its ability to 
achieve high resolution three-dimensional images, in any environment and without 
the need to pre-treat the sample surface before analysis. Therefore, AFM is 
frequently employed as a fast and versatile surface characterisation technique. It was 
first applied to polymer surfaces in 1988, shortly after its invention (Albrecht et al, 
1988).
In an AFM experiment, a three-dimensional map of the material surface is 
produced from the forces of interaction between the surface and a sharp probe, which 
is scanned or tapped across the interface. The forces may be attractive or repulsive, 
and these are exploited in the different modes of operation. In practice, the probe 
used in AFM consists of a silicon nitride pyramid with a sharp tip suspended from a 
flexible silicon cantilever with a defined spring constant. The forces of interaction 
are measured via the vertical displacement of the cantilever, determined by 
monitoring the angle of reflection of a laser beam off the back of the cantilever using 
photodiode detectors. A feedback loop connects the photodiode to a piezoscanner. 
The scanning action of the AFM in the x, y and z directions is controlled by a 
piezoelectric ceramic tube scanner. The feedback loop is sensitive to variations in the 
tip’s amplitude of oscillation, ie. it monitors the Z-movement to produce the three- 
dimensional map of the surface.
In order to understand AFM, it is necessary to understand something about 
oscillators. The oscillator in this case is the cantilever. There are a number of forces 
affecting the motion of the oscillator: namely the tension in the spring but 
additionally there are the damping (frictional) and driving forces. Therefore, the 
cantilever is a driven damped oscillator. The sample surface itself is responsible for 
imposing the latter two forces affecting the motion of the cantilever. These are the 
Van der Waals forces from the sample, which are attractive, and the viscosity which 
acts like a frictional force, opposing the motion of the tip.
There are three different modes by which AFM scans can be performed. 
They are contact, non-contact and tapping. The conventional scanning modes,
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contact and non-contact, have been used for some time but each has its limitations. 
In conventional contact mode, the probe tip is dragged across the surface, at a 
constant force, and the resulting image is a topographical map of the surface of the 
sample. This technique has some drawbacks: the dragging motion of the probe tip, 
combined with adhesive forces between the tip and the surface, can cause substantial 
damage to both the sample and probe and create artefacts in the image data. Under 
ambient air conditions, most surfaces are covered by a layer of adsorbed gases 
(condensed water vapour and other contaminants) which is typically several 
nanometers thick. When the scanning tip touches this layer, capillary action causes a 
meniscus to form and surface tension pulls the cantilever down into the layer. 
Trapped electrostatic charge on the tip and sample can contribute additional adhesive 
forces. These downward forces increase the overall force on the sample and, when 
combined with lateral shear forces caused by the scanning motion, can distort 
measurement data and cause severe damage to the sample, including movement or 
tearing of surface features.
An attempt to avoid this problem is the non-contact mode, in which the probe 
is held a small distance above the sample. Attractive Van der Waals forces acting 
between the tip and the sample are detected, and topographic images are constructed 
by scanning the tip above the surface. Unfortunately, the attractive Van der Waals 
forces from the sample are substantially weaker than the total of the additional forces 
used by contact mode. Even when the sample-tip separation is successfully 
maintained, non-contact mode provides substantially lower resolution than either 
contact or tapping mode.
In tapping mode, the probe is vibrated at a high frequency such that it is 
“tapped” onto the surface during scanning. The response of the cantilever to this 
oscillation depends upon the extent of the probe-sample interaction. Tapping mode 
imaging is a key advance in AFM for soft, adhesive or fragile samples. The 
technique allows high resolution topographic imaging of sample surfaces which are 
easily damaged or loosely held to their substrate. Specifically, tapping mode 
overcomes problems associated with friction, adhesion, electrostatic forces and other 
difficulties encountered with conventional AFM scanning methods. Tapping mode 
AFM is used to aid the characterisation of the polymer film surfaces in this work and 
is, therefore, discussed below in more detail.
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Figure 2.14 shows a block diagram of a tapping-mode AFM. Tapping mode 
overcomes the limitations of the conventional scanning modes by alternately placing 
the tip in contact with the surface to provide high resolution imaging and then lifting 
the tip off the surface to avoid dragging it across the surface. It is implemented in air 
by oscillating the cantilever assembly at or near the cantilever’s resonant frequency 
(typically in the region of 20 kHz) using a piezoelectric crystal. The piezo motion 
causes the cantilever to oscillate with a high amplitude when the tip is not in contact 
with the surface. The oscillating tip is then moved toward the surface until it begins 
to lightly touch, or “tap” the surface. During scanning, the vertically oscillating tip 
alternately contacts the surface and lifts off, generally at a frequency of 50,000 to 
500,000 cycles per second. As the oscillating cantilever begins to intermittently 
contact the surface, the cantilever oscillation is necessarily reduced due to energy 
loss caused by the tip contacting the surface. The reduction in oscillation amplitude 
is used to identify and measure surface features.
During tapping mode operation, the cantilever oscillation amplitude is 
maintained constant by a feedback loop. Selection of the optimal oscillation 
frequency is software assisted and the force on the sample is automatically set and 
maintained at the lowest possible level. When the tip passes over a bump in the 
surface, the cantilever has less room to oscillate and the amplitude of oscillation 
decreases. Conversely, when the tip passes over a depression, the cantilever has 
more room to oscillate and the amplitude increases (approaching the free air 
amplitude). The oscillation amplitude of the tip is measured by the detector and input 
to the controlled electronics. The digital feedback loop then adjusts the tip-sample 
separation to maintain a constant amplitude and force on the sample.
Height data, or topography, is often the most useful and reliable data that can 
be obtained from the AFM. Figure 2.15 shows the time evolution of the tip hitting a 
surface feature. When the tip moves past the feature, its amplitude of oscillation is 
decreased from its set-point value. The “set-point “ is the value of the RMS (the root 
mean square voltage of the free oscillation of the cantilever) of the cantilever 
vibration that the feedback loop maintains (typically around 2 V). In turn, this 
decrease is noted by the sensor and the tip is moved up away from the sample to re- 
attain the set-point amplitude. When the tip moves past the feature, its amplitude will
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increase, and the tip will be moved down again so that the amplitude is once again 
brought back to the set-point.
The polymer film surfaces, coated on silicon oxide, were imaged using the 
Digital Instruments NanoProbe Ilia which is a multi-mode AFM. An outline of the 
set-up of this AFM in tapping mode is shown in Figure 2.14. All measurements were 
made using tapping mode in air. The 20 tim height images were obtained using a rate 
(ie. the rate at which the cantilever scans across the surface) of 1.419 Hz, a drive 
amplitude of 2.0 V and 512 pixels.
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Figure 2.14 Block diagram for the NanoProbe Ilia AFM in tapping mode operation
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Figure 2.15 Time evolution of a tip hitting a surface feature in a tapping mode AFM 
scan: a) when the cantilever encounters a surface feature, its amplitude of oscillation 
is decreased from its set-point value; b) this decrease is noted by the sensor and the 
tip is moved up away from the sample to re-attain the set-point amplitude; c) when 
the tip moves past the feature, its amplitude will increase and the tip will be moved 
down again so that the amplitude is once again brought back to the set-point.
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2.3.2 Enzyme Linked Immunoassay (ELISA) Test for the Detection 
of Human Serum Albumin (HSA) Adsorption from Blood Plasma
This section describes the method, designed by Biocompatibles Ltd., for the 
double antibody HSA binding assay and the procedure for processing the results 
obtained. The assay detects the presence of protein adsorbed on a surface through the 
binding of an antibody specific for HSA and then binding of a second antibody 
enzyme conjugate specific for this immunoglobulin. Figure 2.16 schematically 
outlines the main steps in the experiment. In the presence of excess chromogenic 
substrate for the enzyme, a coloured product is developed whose concentration 
(measured as optical density) is directly proportional to the enzyme concentration, 
and hence to the concentration of protein on the surface.
I | sample
\
1) Incubate with blood plasma
HSA adsorbed on surface
X 2)Incubate with primary 
anti-HSA antibody (raised in 
goat)
\
Enzyme
Double 
/ \  ^ antibody / HSA 
complex
Anti-HSA antibody / HSA 3) i ncubate with 
complex anti-goat IgG peroxidase
conjugate
Figure 2.16 Outline of the steps involved in the ELISA test to detect HSA 
adsorption on a sample surface. Once the double antibody / HSA complex has been 
formed, the addition of excess chromogenic substrate for the enzyme attached to the 
secondary antibody results in the formation of a coloured product whose 
concentration can be measured as optical density.
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2.3.2.1 Materials Used
The materials used and their sources are listed in Table 2.1 as they are 
specific to this method and different from those presented for the main techniques. 
The PC-polymer coated samples were prepared according to the specifications set 
out in each of the results chapters.
Table 2.1 Materials used in the ELISA test for HSA adsorption from blood plasma.
Material Supplier (Catalogue No.)
Phosphate-citrate buffer with urea hydrogen Sigma (P9305)
peroxide tablets
Phosphate buffered saline (PBS) (pH 7.0-7.4) Inverclyde Biologicals
Distilled water BDH (102927G)
o-Phenylenediamine dihydrochloride (OPD) Sigma (P8287)
tablets
Pooled Fresh Frozen Plasma (no significant red National Blood Service (N/A)
blood cells)
Goat anti-human serum albumin Sigma (F8512)
Rabbit anti-goat IgG peoxidase conjugate Sigma (A4174)
Goat IgG Sigma (15256)
Bovine serum albumin Sigma (A3803)
2.3.2.2 Preparation
The samples for testing were placed into labelled polystyrene 12 x 75 mm 
tubes. All samples were assayed in batches of a minimum of three. It was also 
important to test a set of controls with each assay. These consisted of poly(ethylene 
terephthalate) (PET) strips with two different treatments: 1) cleaned with DCM 
(uncoated control), to produce a positive result (ie. HSA adsorption); and, 2) coated 
with a PC-polymer already known to reduce protein adsorption (therefore expect a 
negative result). One set of each control type was assayed with the specific antibody 
and the other set was assayed with non-specific antibody. Therefore, these controls
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were to provide control readings on specific and non-specific antibody binding at 
coated and uncoated surfaces.
2.3.2.3 Incubation With Pooled Plasma
Starting the stopclock with the first tube, 4ml of plasma was pipetted into 
each of the tubes containing the samples and controls. The tubes were capped and 
placed on a spiromixer and incubated at room temperature for 10 minutes ± 1 
minute. About 8 minutes into the incubation, the tubes were removed from the 
spiromixer and uncapped. The tubes were then placed in a DiaCent 2000 Cellwasher, 
which was set to decant the solutions and wash the samples four times with PBS. 
Using clean tweezers, each sample was removed and transferred to a clean tube 
ready for the next stage of the experiment.
2.3.2.4 Incubation With Primary Antibody
The anti-HSA antibody was diluted 1:1000 in a 1% BSA solution made up in 
PBS. This was the antibody to be used for all samples and one set of coated and 
uncoated controls.
The non-specific goat IgG antibody was diluted 1:1000 in a 1% BSA solution 
made up in PBS and was to be used on the second set of coated and uncoated 
controls to determine the amount of non-specific binding.
The antibody dilutions were then added to the tubes containing the samples 
and controls (4 ml to each one) as appropriate. The tubes were capped and placed on 
a spiromixer for 30 minutes ± 5 minutes. About 28 minutes into the incubation, the 
tubes were removed from the spiromixer and uncapped. The wash procedure in PBS 
was performed as in section 2.3.2.3 when the timer reached 30 minutes.
2.3.2.5 Incubation With Anti-Goat IgG Peroxidase Conjugate
The anti-goat IgG peroxidase conjugate antibody was diluted 1:300 in 1% 
BSA in PBS. This was to be used on all samples and controls.
The antibody dilution was added to all the tubes containing the samples and 
controls (4 ml to each one). The tubes were capped and placed on the spiromixer and 
incubated at room temperature for 30 minutes ± 5 minutes.
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About 28 minutes into the incubation, the caps were removed from the 
spiromixer and uncapped. The wash procedure in PBS was again performed as in 
section 2.3.2.3. when the timer reached 30 minutes.
2.3.2.6 Incubation with o-Phenylenediamine Dihydrochloride (OPD) Substrate
The OPD substrate is supplied in the form of tablets which are lOmg each. 
One tablet was dissolved per 25ml of phosphate citrate buffer to provide a 0.4 mg/ml 
solution of OPD. This solution was prepared immediately prior to use and was 
protected from light using aluminium foil.
After 4 ml of the OPD solution had been pipetted into the first sample, the 
stopclock was started. The tube was capped and placed on the spiromixer. After ten 
seconds, the OPD was pipetted into the next tube, capped and placed on the 
spiromixer. This was repeated for all the samples and controls.
After ten minutes, the first tube was uncapped and the sample was removed 
and discarded. The tube containing the solution was kept in a rack. This was repeated 
at ten second intervals with all the other tubes. This ensured that each sample had 
exactly ten minutes incubation time.
For each sample, 200 pi of the OPD solution was pipetted into a microplate 
well. The controls were run in duplicate wells. In addition, 200 pi of unreacted OPD 
was added to four microplate wells for the blank reading. The plates were read at 450 
nm on a microplate reader and the values recorded for each sample and control.
2.3.2.7 Data Handling
It should be recalled that the concentration of the colour product (measured 
as optical density), developed by the reaction of the enzyme with the substrate, is 
directly proportional to the enzyme concentration, and hence to the concentration of 
protein on the surface. Therefore, the mean absorbance measured from an uncoated 
sample surface could be compared to the mean for a sample coated with a particular 
PC-polymer. The percentage reduction in protein adsorption was obtained simply by 
calculating the percentage reduction in absorbance after coating.
A number of controls were run for each assay to determine its viability. In 
each case, the acceptability of the assay was decided by checking that the uncoated
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and coated control absorbances, and the resulting % reduction absorbances, fell 
within pre-set ranges. The pre-set ranges were achieved by calculating the 
cumulative mean of all the internal controls previously assayed by Biocompatibles 
Ltd. with the current antibody batches.
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2.4 Materials Used and Details of Their Preparation
2.4.1 PC-poly mers
Presented in this section are the structures of each of the PC-polymers used in 
this work. All the polymers are synthesised by Biocompatibles Ltd. and used as 
supplied. Details of the synthetic procedures used and the analysis of their general 
properties are described.
2.4.1.1 Polymer PC100A
The polymer termed PC100A is composed of two monomers: 
2-methacryloyloxyethylphosphorylcholine (MPC) and lauryl methacrylate (LM) 
(98%, Aldrich). The monomers are copolymerised in a molar ratio of MPC:LM 
equal to 1:2. The molecular structure is schematically shown in Figure 2.17. Some 
details of the structure of PC 100A and its synthesis have previously been published 
in literature (Campbell et al, 1994). [NB. PC 100A is the same as “PC 1008”, the 
trade name used by Biocompatibles Ltd.].
CH3
i
-C CH,
I
c = o
I
0
1
(CH2)h
CH,
c h 3 m
Figure 2.17 The molecular structure of PC100A (PC1008) with m:n = 1:2
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PC 100A was prepared using a free radical polymerisation technique. After 
charging the reaction vessel with the appropriate amounts of each monomer and 
level of initiator (typically a, a ’ azoisobutyronitrile (AIBN) (BDH)) in a mixture of 
5:3 isopropyl alcohol: ethyl acetate reaction solvent, the solution was degassed for 
twenty minutes using a constant flow of nitrogen. Following this, the nitrogen flow 
rate was reduced and the temperature of the reaction mixture increased to 60°C. 
Polymerisation was maintained at this temperature for between 24 to 40 hours before 
removing the heat source and allowing to cool. Using a rotary evaporator, the solvent 
was removed to the point at which the polymer began to foam. Dichloromethane 
(DCM) was then used to dilute the polymer concentrate before precipitating by drop 
wise addition to acetone with constant stirring. The precipitate was collected by 
vacuum filtration under a blanket of nitrogen and dried at 25°C under vacuum for 16 
hours. The final polymer product, typically a fine white powder, was obtained in 
yields in the order of 70-90%.
PC 100A was characterised using proton nuclear magnetic resonance (*H 
NMR). The spectra were obtained at 400 MHz using a Jeol GSX400 spectrometer. 
To produce a well-resolved spectrum, in which the peaks for both the MPC and LM 
components of the polymer were sharp and defined, the choice of solvent proved to 
be critical. A 1:1 CDCfyMeOD mixture was used for the best results. Figure 2.18 
shows a typical *H NMR spectrum of PCI00A and Table 2.2 describes the group 
assignment of each of the visible peaks.
Fourier-transform infrared (FT-IR) spectra were also recorded for each 
polymer sample using a KBr disc and a Perkin-Elmer 1720-X FT-IR instalment. The 
discs were scanned over the wavelength range 4000- 450 cm"1. Figure 2.19 shows 
such a typical FT-IR spectrum recorded for PC100A. Table 2.3 summarises the 
group assignments of each of the characteristic peaks.
Elemental micro analysis was also performed on each polymer sample made 
to obtain an estimate of the percentages of carbon, hydrogen, nitrogen and 
phosphorus. The results were considered acceptable if the values were found to be 
within 10% of the theoretical values.
Routinely, the molecular weight of PC 100A was determined by measuring 
viscosity. A viscosity-average molecular weight was determined for the polymer by 
dilute solution viscometry measurements. This involved comparing the efflux time
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(t), (required for a specific volume of polymer/ethanol solution, of known 
concentration, to flow through a capillary tube) with the corresponding efflux time 
(to) for the ethanol only. A range of concentrations were measured at a temperature 
of 30°C so that calculations concerning intrinsic viscosity [r\] were independent of 
concentration by virtue of extrapolation to c = 0. This molecular weight is suggested 
to be in the order of 200 KDa.
In addition, GPC has been used to determine the molecular weight. These 
measurements were made in a 90:10 tetrahydorfuran (THF):methanol solution and 
using PMMA (polymethylmethacrylate) standards ranging from 92-365 KDa. The 
data shows that PC100A has a PDI (polydispersity index) of 2.5-5.0. However, it 
should be noted that this value is somewhat variable due to interactions of the PC- 
polymer with the column.
Refractometry determined the refractive index (n) of polymer PCI 00A to be 
1.50, incidentally the same as for all the PC-polymers used in this work. This value 
was needed for use in the analysis and fitting of the ellipsometry data.
To facilitate the analysis and fitting of the neutron reflection data, it was 
necessary to determine the scattering length density (SLD) of polymer PC 100 A (pp). 
This was calculated directly from the molecular structure shown in Figure 2.17 using 
the following equation:
where b is the total scattering length of the polymer molecule and V is its volume. 
The numbers of each isotope in the molecule were counted and multiplied by their 
respective scattering lengths, listed in Table 2.4. This gave the scattering length 
contribution from each isotope. The total scattering length of PC100A was then 
determined by the addition of all these values. The volume was calculated by 
dividing the molecule up into units for which the volumes are already known and 
adding all the units up. The volume of such units found in the PC-polymers are 
shown in Table 2.5. The calculated scattering length density of PC 100A was found 
to be 0.36 x 10'6 A-2. This value is shown in Table 2.6, along with those for the other 
PC-polymers.
2.42
Figure 2.18 NMR spectra of (A) PC 100A and (B) PC 100B
Table 2.2 The assignment of the peaks in the ]H NMR spectra of PC100A and
8ppm # Protons Assignment
(c) 0.69 -12 -CH2-Si
0.92 }
1.07 }
1.31 1641 } alkyl chain -CH2) -CH3
1.87 }
1.95 }
3.28 207 -N+(CH3)3
(b) 3.61 45 -Si(OCH3)3
3.71 deshielded -CH2
(a) 3.88 -38 -CH 2-OH
3.97 }
4.07 } deshielded -CH2
4.18 348 }
4.29 )
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Figure 2.19 FT-IR spectra of (A) PC 100A and (B) PC100B. The only difference 
between the polymers is the increase in the relative intensity of the strong absorption 
at 1159cm’1 in (B) due to the contribution from the C-O(H) stretch of the HPM 
component.
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Table 2.3 The assignment of the peaks from the FT-IR spectra of PC 100A and 
PC100B, shown in Figure 2.19.
V (cm'1) Peak Type Assignment
3416 br, s O-H stretching: water in sample and KBr, plus OH from 
HPM
2926 s f saturated C-H stretching
2855 s i
1729 s ester C=0 stretching
1653 w O-H bending
1469 m
1389 m
1244 s P=0
1159 s C-0 stretching
1086 s P-0 alkyl stretching
967 m
789 m
Table 2.4 Scattering lengths of the elements and isotopes found in the PC-polymers
Element or Isotope Scattering Length (/;) / 10'5 A
H -3.74
D 6.67
C 6.65
N 9.40
0 5.80
Si 4.15
P 5.10
2.45
Table 2.5 The volumes of the chemical groups making up the structures of the PC- 
poly mers
Chemical Group Volume / A3
C„HX 26.9n + 27.4 (where n = no. of C atoms)
CH3-CH2-CH2- 108.1
c h 3-c h 2- 81.2
-C=0 41.0
0-
NMe3 110.0
Si 16.6
P 0 3 88.8
OMe 18.7
Table 2.6 The calculated scattering length densities (SLDs) of the PC-polymers (or 
parts of the polymer molecule in the case of the partially deuterated PC100B)
PC-polymer (or polymer segment) SLD / 10'6 A’2
PC100A (fully hydrogenated) 0.36
PC100B (fully hydrogenated) 0.48
1% PC100B derivative (containing 1% silyl groups) 0.51
0% PC100B derivative (containing 0% silyl groups) 0.60
Partially deuterated PC100B (containing deuterated lauryl (dodecyl 3.40
chain) -  whole molecule. See also 1) and 2) below:
1) SLD of hydrogenated components only, of partially 1.15
deuterated PC100B (ie. MPC, HPM and SMT units)
2) SLD of deuterated component only, of partially deuterated 5.32
PC100B (ie. LM unit containing dodecyl chain)
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2.4.1.2 Polymer PC100B
The polymer termed PC100B is cross-linkable and composed of four 
monomers: 2-methacryloyloxyethylphosphorylcholine (MPC), lauryl methacrylate 
(LM) (98%, Aldrich) , 2-hydroxypropyl methacrylate (HPM) (96%, Aldrich) and 
trimethoxysilylpropyl methacrylate (SMT) (98%, Aldrich). The molecular structure 
is schematically shown in Figure 2.20. It should be noted that the molar ratio of 
MPC:LM is still 1:2, as in PC100A. The difference here is the incorporation of the 
HPM and SMT groups into the structure. The silyl groups, contained in the SMT 
units, function as the cross-linkers. The fraction of silyl groups in this molecule is 
5%. This is important to note because the PC100B derivatives, shown later, differ in 
the percentage content of these groups. [NB. PC100B is the same as “PCI 036”, the 
trade name used by Biocompatibles Ltd.].
MPC LM HPM SMT
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ch3
I
■C-C-
I h2
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Figure 2.20 The molecular structure of PC100B (PC1036). The values given 
represent the molar fractions for each component.
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PC100B was prepared by the free radical polymerisation technique similar to 
that outlined for PC 100A. The reaction vessel was charged with the appropriate 
amounts of each monomer, the desired level of initiator according to the molecular 
weight requirements (usually a, a ‘-azoisobutyronitrile (AIBN)) in ethanol as a 
reaction solvent. The solution was degassed for twenty minutes using a constant flow 
of nitrogen, after which the flow rate was reduced and the temperature of the 
reaction mixture increased to 65°C. The polymerisation was maintained for thirty 
hours before removing the heat source and allowing the solution to cool. The solvent 
was removed using a rotary evaporator. The polymer concentrate was diluted using 
dichloromethane (DCM) and precipitated by drop wise addition to acetone with 
constant stirring. The precipitate was collected by vacuum filtration under a blanket 
of nitrogen and dried at 25°C in vacuo for sixteen hours. The polymer was cooled 
using liquid nitrogen and ground to a fine powder using an analytical mill. The 
polymer was then further dried for another sixteen hours. Typically the product was 
a fine white powder obtained in yields in the order of 70-90%.
The partially deuterated PC100B polymer incorporated lauryl methacrylate 
(LM) monomers with a deuterated lauryl (dodecyl) chain (C12D25). LM was 
synthesised using deuterated dodecanoic acid. All the other monomers were fully 
hydrogenated and identical to those in fully hydrogenated PC100B. The synthetic 
procedure for the polymer was identical to that described above. Therefore, the only 
change in the polymer was the replacement of the hydrogens with deuterium in the 
dodecyl chain of the LM monomer.
As previously described for PC100A, PC100B was also characterised using 
proton nuclear magnetic resonance (!H NMR). Figure 2.18 shows a typical lR  NMR 
spectrum of PC100B and compares it to that measured for PC100A. Table 2.2 
describes the group assignment of each of the peaks.
Fourier-Transform infra red (FT-IR) spectra were also recorded as described 
for PC100A. Figure 2.19 shows a typical FT-IR spectrum for PC100B and compares 
it to that for PC 100A. Table 2.3 summarises the group assignments of each of the 
characteristic peaks. The only noteworthy difference in the IR spectra of the two 
polymers is the increase in relative intensity of the strong adsorption at 1159 cm'1 
observed for PC100B due to the contribution from the C-0(H) stretch of the HPM 
component.
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Again as described in detail for PC 100A, the molecular weight of PC100B 
was determined by measuring viscosity. These measurements suggested the 
molecular weight to be in the order of 200 KDa. No GPC data is available for 
PC100B due to the risk of cross-linking reactions with the column. Refractometry 
determined the refractive index (n) of PC100B to be 1.50.
The scattering length density (SLD) of the folly hydrogenated PC100B was 
calculated by an identical method to that described for PC100A. Using the isotope 
scattering lengths listed in Table 2.4 and the chemical group volumes given in Table 
2.5, the SLD was found to be 0.48 x 10‘6 A~2.
The total SLD of the partially deuterated PC100B polymer (ie. containing a 
deuterated dodecyl chain) will of course be different due to the presence of 
deuterium in the molecular structure. As table 2.4 shows, deuterium has a very 
different scattering length from hydrogen. Indeed the SLD was determined to be 3.40 
x 10‘6 A-2. This was calculated assuming 95% replacement of the hydrogens by 
deuterium in the dodecyl chain.
In order to allow more detailed analysis of the structure of the partially 
deuterated PC100B polymer film in fitting the neutron reflection data, it was also 
desirable to divide the polymer into two parts: 1) the hydrogenated monomer units, 
and 2) the deuterated monomer units, and work out the SLD for each of the two 
individually. As a result, a total SLD of 1.15 x 1 O'6 A~2 was calculated for all the 
folly hydrogenated monomers (MPC, HPM and SMT). In turn, the SLD of all the 
deuterated monomers in the molecule, ie. the 47% of LM monomers containing the 
deuterated dodecyl chain, was determined to be 5.32 x 10'6 A~2. All the SLD values 
for the hydrogenated and partially deuterated PC100B are summarised in Table 2.6.
2.4.1.3 1% PC100B Polymer Derivative (containing 1% silyl cross-linking 
groups)
The polymer referred to as 1% PC100B is a derivative of the standard 
PC100B discussed in the previous section. The major difference is that the content of 
the SMT monomer (containing the silyl cross-linking groups) has been reduced from 
5% to 1%. As for standard PC100B, the 1% PC100B polymer contains t^he four 
monomers: 2-methacryloyloxyethylphosphorylcholine (MPC), lauryl methacrylate
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(LM), 2-hydroxypropyl methacrylate (HPM) and trimethoxysilylpropyl methacrylate 
(SMT). [NB. the structures of all these monomers have already been shown in the 
diagram of the molecular structure of PC100B in Figure 2.20]. Due to the alteration 
in the fraction of the SMT groups from 5% to 1%, the total content of LM has had to 
be increased slightly. The molecular structure of 1% PC100B in brief is:
MPC23LM51HPM25SMT1 
Details concerning the physical constants are given in Table 2.6.
2.4.1.4 0% PC100B Polymer Derivative (containing 0% silyl cross-linking 
groups)
The polymer referred to as 0% PC100B is also a derivative of the standard 
PC100B discussed earlier in this section. However, this polymer contains no SMT 
monomers (ie. no silyl cross-linking groups). The molecular structure of 0% PC100B 
in brief is:
MP C24LM48HPM28 
The values of the physical constants are also listed in Table 2.6.
2.4.2 Buffer and Protein Solutions
2.4.2.1 Buffer solutions
For lysozyme, the solution was controlled at pH7 using a sodium phosphate 
buffer (Na2HP0 4/NaH2P04), keeping the total ionic strength fixed at 0.02 M. There 
were small differences between the H2O and D2O buffer solutions but this was 
controlled to within 0.2 pH units. The NaH2P 04 (MW = 120) and Na2HP04 
(MW=142) salts were purchased from Sigma (Cat. Nos. = S-8282 and S-7907 
respectively). For BSA, the adsorption measurements were made at pH5, therefore 
the pH was controlled at 5 using a NaH2P0 4/H3P04 buffer. Again the ionic strength 
was maintained at 0.02M.
As the amount of fibrinogen that could be dissolved in a sodium phosphate 
buffer was very limited, an alternative buffer was sought. A Tris buffer was found to 
more readily dissolve this protein. Tris is a biochemical buffer with a pKa of 8.1 at
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25°C and a Trizma base ® and Trizma HC1 ® can be blended to produce a buffer 
between 7 and 9. The Trizma base ® (tris(hydroxymethyl) amino methane) and 
Trizma HC1 ® (Tris(hydroxymethyl)aminomethane hydrochloride) were purchased 
from Sigma (Cat. Nos. T-6791 and T-6666 respectively). The buffer was made up as 
specified by the manufacturers to produce a 0.05M solution of pH7 at 25°C. In 
addition, to aid the dissolution of fibrinogen, 0.1M NaCl had to be added to the 
buffer.
All glassware used for the buffer and protein solutions was cleaned using 
alkaline detergent (Decon 90), followed by repeated rinsing in UHQ water. The H2O 
used was processed through an Elgastat UHQ water system and D2O was purchased 
from Fluorochem and in both cases the surface tensions at 298IC were found to be 
constant at about 71.5 mN m'1, indicating the absence of any surface impurities.
The refractive indices of all the buffer solutions (before and after the addition 
of protein) were measured using a refractometer. With the exception of the high 
concentrations of protein, the refractive index was found to remain within error the 
same as that for pure water (ie. n = 1.31-1.32). Therefore, changes in the refractive 
index of the ambient solution in ellipsometry fitting only had to be considered when 
higher concentrations of proteins were used.
2.4.2.2 Lysozyme
Lysozyme (from chicken egg white) was purchased from Sigma (99+%; Cat. 
No L-6876) and was used as supplied. Lysozyme is an ellipsoidal, globular protein 
with molecular dimensions of 30 x 30 x 45 A3. It has a molecular weight of 14.6 
KDa. Its isoelectric point is around pH 11.
The scattering length density for lysozyme has already been calculated for 
the purpose of previous neutron reflection work (Su et al, 1998a and 1998b; Lu et al, 
1998). This value was calculated from the amino acid sequence by an identical 
procedure to that described for the polymers in section 2.4.1. The volume of the 
molecule was again estimated from the addition of all the amino acids and peptide 
fragments. The scattering length and scattering length density values, calculated for 
the fully hydrogenated lysozyme, ie. in H20  at pH7, are listed in Table 2.7. The 
values in D2O are different because there are two types of labile hydrogens present in
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proteins that will exchange with deuterium: those on the amide groups in the 
polypeptide chain and those on the side chains of the amino acid groups. Therefore, 
the values for the protein in D20  are also listed and they were calculated assuming 
complete exchange between the labile hydrogens within lysozyme and D20. It has 
been shown that any incomplete exchange is not going to cause any measurable error 
to the surface excess, partly because the labile hydrogens only contribute to a small 
fraction of the total scattering length and partly because sufficient experimental 
evidence has shown that over 80% of the labile hydrogens will exchange within the 
timescale of the experiment (Lu, 1999).
In order to calculate the lysozyme surface excesses from the fitted 
ellipsometry data, a value for the constant a, the increment in refractive index with 
concentration (dn/dc), is required. This figure has been established for many proteins 
and in the case of lysozyme a = 0.188 (Malmsten, 1994b). This value is also listed in 
Table 2.7.
2.4.2.3 Bovine Serum Albumin (BSA)
BSA (fatty acid free; 99%) was purchased from Sigma (Cat. No. A-0281) and 
used as supplied. The globular dimensions are approximately 40 x 40 x 140 A3 and 
the molecular weight is 67 KDa. Its isoelectric point is around pH4.8
As described for lysozyme, values for the scattering length and scattering 
length density of BSA in both D20  and H20  have been calculated for the purpose of 
previous neutron reflection work (Su et al, 1998c). All the adsorption experiments 
for BSA were at pH5, therefore, the values quoted are for this pH (as pH also affects 
the level of deuterium exchange). These values are listed in Table 2.7.
The value for a, the increment in refractive index with concentration, is 0.187 
(Malmsten, 1994b).
2.4.2.4 Fibrinogen
Fibrinogen was from bovine plasma and purchased from Sigma (Cat. No. F- 
8630). It is a large blood clotting protein with a molecular weight of 340 KDa. It is
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made up of three pairs of non-identical polypeptide chains (Aa, Bp, Yy) and two 
pairs of oligosaccharides. Its isoelectric point is around 5.5.
Unfortunately, details of the scattering length and scattering length density of 
fibrinogen are not as readily available as for the other proteins discussed. As 
fibrinogen is a very large molecule, containing in the order of 3200 amino acid 
residues, reports of the sequences of the individual polypeptide chains in literature 
are scattered and, as yet, incomplete. Therefore, in order to facilitate this work, 
estimates of the scattering length and scattering length density values for this protein 
were calculated using some of the available sequence details (Doolittle et al, 1979; 
Blomback et al, 1973; Horbett and Brash, 1995). The values are recorded in Table 
2.7. In estimating scattering length and scattering length density, no HZD exchange 
has been included. The value for a is again taken to be 0.188.
Table 2.7 The physical constants of lysozyme (lyso.), bovine serum albumin (BSA) 
and fibrinogen (fibrin.) required for the calculation of surface excess from the 
neutron reflection and ellipsometry results. The scattering length (S.L.), scattering 
length density (S.L.D.) and a, the increment in refractive index with concentration 
(dn/dc), values are listed for each protein.
Protein and 
its
Environment
pH Molecular
Weight
(KDa)
Volume
of
Molecule
(A3)
S.L. (b)
/ 10"5 A
S.L.D. (p)
/ 10'6 A"2
a (dn/dc) 
ml/g
Lyso./ D2O 7 14.6 16,717 6126.35 3.66 -
Lyso./ H2O 7 14.6 16,717 3377.40 2.00 0.188
BS A/ D 2O 5 67.0 79,111 25731.3 3.25 _
BS A/ H 2O 5 67.0 79,111 14998.6 1.90 0.187
Fibrin./ D2O 7 340.0 105897.0* 3.00* -
Fibrin./ H2O 7 340.0 105897.0* 3.00* 0.188
NB. * indicates an approximation of the value and assuming no deuterium exchange 
in D2O.
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2.4.3 Surfactant Solutions
The cationic surfactant C12TAB (dodecyl trimethylammonium bromide) was 
purchased from Lancaster (97%; Cat. No. 214-290-3). Ci2TAB has a molecular 
weight of 308 and its critical micellar concentration (cmc) is 14mM. As C12TAB was 
to be used for cleaning the protein fouled polymer film surfaces, it was purified 
before use.
Purification was by a standard recrystallisation procedure. Acetone was 
added to the solid whilst heating gently to dissolve. A few drops of ethanol were 
added before the C12TAB was completely dissolved. It was then left to cool at room 
temperature before completing the recrystallisation in an ice bath. The solid was then 
filtered. This whole procedure was repeated twice more. The surface tension of the 
final recrystallised product was checked.
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Chapter 3
Coating Thin PC -Containing Polym er Layers onto a 
Silicon O xide Surface: The Effect and Establishm ent 
of the D ip-Coating Conditions
3.1 Introduction
The general physical properties of the PC polymers used in this work have 
been characterised in the literature (Campbell et al, 1994) and by Biocompatibles 
(see Chapter 2 for details), but no study has been made to examine the effects of 
coating conditions on the quality of the films made. In order to examine the 
interaction between the coated polymer surface and protein molecules, it is essential 
to first establish a reliable coating procedure so that the results obtained from 
different measurements can be compared in a quantitative manner.
Both neutron reflection and ellipsometry are very sensitive techniques and, as 
they are the methods to be used to study protein adsorption on the polymer layers, 
they also put certain restraints and demands on the coating methods used. A smooth 
polymer layer is important for a number of reasons: to eliminate the possible effect 
of roughness on protein binding; to simplify the data analysis procedure and 
interpretation; and, to ensure reproducibility between samples by eliminating the 
irregularity of the layer. A thin layer is also essential for highlighting the thin 
adsorbed protein layers on the surface. If the polymer layer is thick, the contribution 
from the adsorbed protein becomes weak.
It has been suggested that the reduction in the amount of protein adsorbed on 
the PC polymer surface is rendered by the preferential exposure of the PC groups on 
the outer surface of the coated layer (Yianni, 1992). The in situ distribution of the 
outer PC layer is thought to be critical to the effectiveness of the reduction of protein 
adsorption. If this is the case then the procedure for coating the polymeric film onto 
the solid substrate must affect the outer PC layer distribution because the packing 
and distribution of the PC layer is affected by the physical state of the underlying 
polymer layer. Further, given that a uniform layer of thin polymeric film can be
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formed, the thickness of the film should not affect the effectiveness of the coated 
surface in prohibiting protein adsorption because it is the outer surface of the film 
that matters.
Such reasons and arguments define the importance of determining a reliable 
and reproducible way for coating these polymer layers onto the silicon oxide 
substrate. As this information is critical to the success of the long-term research, 
initial work was focused on examining how coating parameters affected the 
uniformity and thickness of the polymer films.
A detailed dip-coating procedure was established by fully characterising the 
effect of a number of parameters, including solvent composition, the speed of lifting 
and the annealing temperature. Ellipsometry measurements were mainly used to 
analyse the samples in each case, with some AFM measurements made for 
comparison and confirmation of the uniformity. Environmental conditions such as 
mechanical vibration and ambient temperature will obviously affect the coating as 
well and were eliminated by adjustments to the method. The findings of this work 
and the conditions established for successful coating of the polymer PC 100A 
(chemical structure details in Chapter 2) have already been published in Murphy et 
al 1999a. Since the other polymers used have the same general composition, the 
conditions were checked and adjusted if necessary to achieve a similar quality of 
layer.
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3.2 Experimental Details
3.2.1 Sample Preparation and Dip-Coating
Single crystal (111) silicon wafers with native oxide layers were used as the 
substrates for polymer coating. Before use the wafer surfaces were immersed in 5% 
neutral Decon solution (Decon Laboratories, UK) and ultrasonically cleaned for 30 
minutes followed by a further 30 minutes of ultrasonic cleaning in water. Each wafer 
surface was copiously rinsed and soaked in acid peroxide solution (600ml 98% 
H2SO4 and 50ml 30% H2O2) for 6 minutes at 90°C (Brzoska et al, 1992). After 
thoroughly rinsing with high purity Elgastat water (UHQ) to remove the acid, the 
surface was then exposed to UV/ozone for 30 minutes to remove any traces of 
organic impurity (Vig, 1985).
Following the UV/ozone treatment, the surface was rehydrated by soaking in 
UHQ water for at least 24 hours. This procedure has been found to produce smooth 
surfaces with an oxide layer thickness around 20±5 A and a reproducible wettability. 
The final surface hydrophilicity is characterised by the amount of lysozyme adsorbed 
from lgdm'3 in pH7 phosphate buffer with a total ionic strength of 0.02M. The 
surface excess is always around 3.5± 0.3mgm'2.
Coating was performed with the use of a dip-coating rig. The set-up is shown 
schematically in Figure 3.1. The silicon wafer strip is attached, in the vertical 
position, to the end of the tracked rod which is held under the pulley system, and the 
step motor drives the rod down first and then up in a frill dipping cycle. By adjusting 
the input voltage, the dipping speed can be varied between 3 and 16 mm/sec. The 
apparatus stands on an anti-vibration table to minimise any mechanical vibration 
during dipping, which would otherwise affect the uniformity of the coated layer. The 
temperature is maintained at 24±2°C. In the dipping procedure, the motor is set to 
dip the three-quarters of the wafer length into the polymer solution before the sample 
is lifted out of the solution. This ensures that the top one-quarter of the wafer is 
always free of the polymer and the structure of the bare oxide can be measured as 
reference for the coated surface on the same wafer.
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Figure 3.1 Schematic representation of the dip-coating rig. The silicon wafer is 
clamped in a vertical position at the base of the rod that is attached to the pulley.
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Although the native oxide layer present on the surface of the silicon wafer is 
very thin, it contributes to the signal of ellipsometric measurements. The thickness of 
the oxide layer was therefore characterised by ellipsometry before the polymeric thin 
layer was coated. The measurements were made at the air-solid interface over the 
wavelength range of 350~800nm at the incidence angles of 70° and 75°. The 
simultaneous fitting to the profiles of vj; and A at the two incidence angles using a 
uniform layer model gave a thickness of 24+5 A. The refractive index for the oxide 
layer was fixed to the value corresponding to bulk silicon oxide, fitting only to the 
thickness of the layer. Repeated measurements were made at five different spots on the 
same oxide surface, which produced the same layer thickness within the quoted error, 
suggesting that the bare oxide surface is smooth. No roughness was used in the fitting. 
These measurements were essential to determine the thickness and quality of the oxide 
layer before proceeding with coating.
A similar measuring procedure was subsequently used to determine the thickness 
of the coated polymer layer. The uniformity of each layer was characterised by repeating 
the same measurements over six different spots on the same surface. Since the wafers 
were rectangular and had a surface area of about 3 x 6  cm2, the measured spots were 
taken 0.5 cm away from the edge. Three spots were taken alongside each of the long 
edges. The thicknesses fitted from all the six independent measurements (ti - tg) were 
recorded and the mean value (xm) was taken to be equal to the sum of the total 
thicknesses divided by the number of runs. The difference between the thickness from 
each individual measurement and the mean value was then calculated, the average of 
which was used as a measure of uniformity:
uniformity =
(3.1)
It should be noted that, in fitting the measured profiles, the refractive index for 
the polymer was taken to be the same as the bulk value, that is, no voids or cavities
3.2.2 Ellipsometry Analysis
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within the layers. As discussed in detail in Chapter 2, this is because of the problem of 
the close correlation between refractive index and thickness for very thin layers. In 
summary, if both thickness and refractive index were allowed to vary simultaneously in 
the fitting, unreasonable values of refractive indices were obtained. If, however, one of 
the parameters was fixed on prior knowledge, the fitting led to a more reliable 
measurement of the other, ie. thickness. The fitted layer thickness contains roughness 
contribution and is thus a measure of average dimension of the layer.
The details of the procedures and materials used for the solid-liquid 
measurements and protein adsorption experiments have already been described fully in 
Chapter 2.
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3.2.3 AFM Analysis
AFM is often used to characterise the morphology of polymer layers at the 
air/solid interface. The scans can provide high resolution imaging at atomic resolution. 
Ellipsometry provided an overall picture of the polymer layer across the surface in terms 
of the thickness variation. AFM provides visual representations of the appearance of the 
layer at a molecular level. AFM was, therefore, chosen as a complementary technique to 
substantiate the findings of the ellipsometry study on the effect of coating conditions 
and confirm that the chosen set of conditions do result in smooth polymer layers.
Each polymer layer to be characterised was scanned in tapping-mode at the 
air/solid interface, providing 20pm height scans in each case. The scan rate was 1.419 
Hz. The images could then be compared in terms of the surface morphology and 
roughness.
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3.3 Characterisation of the Conditions for Coating Polymer 
PC100A onto Silicon Oxide
As already discussed, the coating procedure was established by fully 
characterising the effect of a number of parameters, including solvent composition, the 
speed of lifting and the annealing temperature. The results discussed here show how 
these parameters affect the uniformity and thickness of the coated PC 100 A layers.
Figure 3.2 shows the comparison of \|/ and A, measured at the air-solid interface, 
before and after coating a thin PC 100A polymer layer. The data were plotted as a 
function of wavelength at the incidence angle of 75°. It can be seen that the coating of 
the polymer layer has resulted in the increase in the level of \|/ and A over a large 
wavelength range. The continuous lines through the profiles in Figure 3.2 were 
calculated using a thickness of 24 ± 5 A for the oxide layer and 53 ± 5 A for the polymer 
film. These profiles demonstrate that the change in the signal is significant when a 
polymer layer is present on the surface, confirming that the technique is sensitive to the 
presence of the thin film at the interface. Such information is important before 
proceeding to study the thin layer coated samples using this technique.
Since PC 100A contains hydrophobic dodecyl chains and hydrophilic PC head 
groups, the solvent selected must match this amphiphilic nature so that the polymer is 
entirely soluble over a wide concentration range. Poor solubility is expected to result in 
uneven coated surfaces. Aggregation may also occur if inappropriate solvents are used. 
Since the thickness of the layer to be coated is of the order of angstroms, any 
aggregation of polymer fragments in the solvent will also affect the smoothness of the 
coated films. As already outlined in the experimental section, the uniformity of the film 
formed from a given solvent was assessed by ellipsometry measurements of film 
thickness at several different spots on a given coated sample. Initially, a number of pure 
solvents including ethanol, dichloromethane and isopropanol were used to solubilise 
PC 100A but the results showed that these solvents produced very uneven films. For a 
layer with an average thickness of 50 A, the thickness at different spots sometimes 
varied by 10 to 20 A. This high level of non-uniformity is probably due to the mismatch 
of the amphiphilicity of the polymer to the solvents. To accommodate the diversity in
the chemical nature of the different fragments in PC 100 A, a number of mixed solvents 
were also tried, of which ethanol/hexane was found to be the best. Figure 3.3 shows the 
variation of thickness and non-uniformity of the films with increasing ratio of ethanol to 
hexane. It can be seen that non-uniformity reaches a minimum when the volume fraction 
of ethanol is 50%, suggesting that the polymer’s highest solubility is at this solvent 
ratio. The concentration of PC100A was fixed at 1 gdmf3 (0.1 wt%). The motor speed 
was set at 5 mm/sec. The films were dried in air for about 2 hours to allow most of the 
trapped solvents to evaporate before they were annealed at 160°C for 3.5 hours under 
vacuum. Using ellipsometry, the annealed films were then measured at the air/solid 
interface to determine the thickness of the bare oxide and the polymer film.
AFM scans further substantiated these results and confirmed the importance of 
using a solvent mixture which correctly matches the amphiphilic nature of the polymer. 
Figure 3.4 shows a tapping mode image taken from the surface of a PC 100A layer 
coated using the suggested optimum solvent of 50:50 hexane and ethanol. Indeed this 
layer displays a high level of uniformity and the scan shows the success of coating under 
the correct conditions. For comparison, Figure 3.5 shows an image from the surface of a 
PC100A layer coated using a 90% hexane: 10% ethanol solvent mix. As suggested by 
ellipsometry, this layer displays a high level of non-uniformity and the presence of 
aggregated particles on the surface again suggested that the polymer was not folly 
solvated before coating.
In general, a change in solvent ratio means a change in the average evaporation 
rate, surface tension and solution viscosity. All of these parameters are expected to 
affect the thickness of the coated layer. The effect of dip-coating conditions on the 
thickness of the deposited films has been extensively studied in literature. Landau and 
Levich (1942) have shown that, if the speed of lifting is about 5 mm/sec., the thickness 
of the film is proportional to the viscosity of the solution to a power of lA to 2/3. At the 
ambient temperature the viscosity of ethanol is about three times as much as that of 
hexane, and thus the viscosity of a 1 gdm'3 ethanol solution is expected to be greater 
than the corresponding hexane solution. Since the vapour pressures of the two solvents 
are relatively close, and surface tension has little effect on the thickness of the film, we
iconcluded that the observed increase of the thickness with ethanol content mainly results 
from the increased viscosity.
Landau and Levich (1942) and others (Scriven, 1988; Spiers et al, 1974) have 
also shown that the speed at which the substrate is withdrawn from the solution is 
another important parameter affecting the thickness of the coated film. The speed of 
lifting is coupled to the drainage of the solution caused by the gravitational force, to the 
effect of viscosity against draining, and to the rate of solvent evaporation. Figure 3.6 
shows that as the speed of lifting increases, the thickness of the layer increases, an 
observation consistent with what was predicted by Landau and Levich. It would appear 
that thicker films are produced by using a faster speed of lifting. However, it was 
observed that the uniformity of the films dropped sharply as the speed of lifting 
increased. The greatest uniformity under these conditions appears at lower speeds, and 
when at 5 mm/sec. the non-uniformity is just around 1 A. Although it is arguable to 
quote this value because the resolution of the measurements is also in the range of A, the 
numbers shown in Figure 3.6 are only meant to reflect the systematic trend. It is very 
clear that when the speed is above 10 mm/sec., the non-uniformity becomes significant. 
It should be remembered that this non-uniformity measures the thickness variation over 
a large surface area and also indirectly reflects the extent of the smoothness at the 
molecular scale.
Coated polymer films are often annealed to remove the remaining solvents 
trapped in the layer, and more importantly, to relieve any strain produced during the film 
formation, allowing the polymeric fragments to reach their equilibrium conformation. 
Hence, annealing is expected to enhance film uniformity. Annealing is usually achieved 
by heating the polymer to above its glass transition temperature (Tg). Tg for this polymer 
was estimated to be 130°C but there is some debate over the exact value, particularly 
since it is strongly influenced by water concentration. Furthermore, Tg for the polymer 
thin film may be different from its bulk polymer (Keddie et al, 1994). The effect of 
temperature on the PC100A film was determined by annealing a number of samples 
under different temperatures for 3.5 hours under vacuum. Figure 3.7 shows that once the 
annealing temperature is raised above 50°C, the thickness for the PC100A layer 
measured at room temperature begins to decrease. When the temperature approaches
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100°C, the thickness gradually tends to a plateau. While the thickness decreases with 
temperature, the non-uniformity of the film significantly decreases. These results 
suggest that when the film is gradually melted, polymer molecules gain mobility to 
adopt preferable conformations, thus resulting in a smoother surface coating. The 
possible effect of annealing time was also examined, and it was found that after three 
hours at 160°C there was no further structural change with time.
AFM scans again further substantiated these results and confirmed the 
importance of annealing the coated polymer films at a high temperature. Figure 3.8 
shows a tapping mode image taken from the surface of a PC 100A layer coated from 
50:50 hexane ethanol mixed solvent but without any high temperature annealing under 
vacuum. As expected, this layer displays a high level of uniformity and number of 
aggregated particles on the surface. This is in complete contrast to the uniform layer 
resulting from annealing at 160°C as shown in Figure 3.4.
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Figure 3.2 Plots of \|/ and A as a function of X at the PC100A polymer coated solid-air 
interface before (A) and after (O) coating a layer of the polymeric film. The 
measurements are shown for the incidence angle of 75° with respect to the surface 
normal and at 25°C. The continuous lines were calculated using the optical matrix 
formula assuming an oxide layer thickness of 24 ± 3 A and a polymeric film of 53 ± 5
A.
3.12
i
Volume fraction of ethanol in the mixed solvent
Figure 3.3 The variation of film thickness (+ and solid line) and non-uniformity (O and 
broken line) with the volume fraction of ethanol in the mixed solvent. The 
measurements are a result of a study of samples by ellipsometry.
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Figure 3.4 Tapping mode image of a PC100A surface. The layer was coated onto 
silicon oxide from a 0.1 wt % polymer in the mixed solvent of ethanol and hexane 
(50 vol %) and the motor speed was controlled at 5 mm/sec. The layer was annealed 
at 160°C under vacuum for 3.5 hours. 20pm scan.
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Figure 3.5 Tapping mode image of a PC100A surface. The layer was coated onto 
silicon oxide from a 0.1 wt % polymer in the mixed solvent of 10% ethanol and 90% 
hexane (vol %) and the motor speed was controlled at 5 mm/sec. The layer was 
annealed at 160°C under vacuum for 3.5 hours. 20pm scan.
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Figure 3.6 The variation of film thickness (+ and solid line) and non-uniformity (O and 
broken line) with the speed of lifting. The measurements are a result of a study of 
samples by ellipsometry.
Annealing Temperature /°C
Figure 3.7 The variation of film thickness (+ and solid line) and non-uniformity (O and 
broken line) with annealing temperature. The measurements are a result of a study of 
samples by ellipsometry.
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Figure 3.8 Tapping mode image of a PC 100A surface. The layer was coated onto 
silicon oxide from a 0.1 wt % polymer in the mixed solvent of ethanol and hexane 
(50 vol %) and the motor speed was controlled at 5 mm/sec. The layer was not 
exposed to a high temperature, ie. annealed under vacuum for 3.5 hours without 
raising the temperature above room temperature. 20pm scan.
3.18
3.4 Conditions for Coating Polymer PC100B and its 
Derivatives onto Silicon Oxide
As previously discussed, the main composition of the polymer PC100B (chemical 
composition details in Chapter 2) is similar to PC100A. It is hence likely that very similar 
coating conditions can be applied. However, a range of samples were first made and 
characterised so that any necessary adjustments could be made to the procedure 
established for PC 100A before continuing with the work. It was found that there was no 
need to change the solvent and dipping speed used to obtain high quality coated layers 
Therefore, the polymer was dissolved, as before, in the mixed solvent of ethanol and 
hexane (50% vol) and the concentration was 0.1 wt%. The motor lifting speed was set a t  
5 mm/sec. and this resulted in a film thickness of 50 ± 10 A. However, it was necessary 
to only anneal the coated surface at 70°C under vacuum for 3.5 hours. The higher 
temperature of 160°C used for PC 100A was not necessary and resulted in no further 
improvement in the layer uniformity. This is perhaps because PC100B is a cross-linked 
polymer and its melting point is lower than PC100A. No further increase is needed to 
smooth the surface. AFM scans showed that the annealing conditions were sufficient to 
release the conformational stress within the film, rendering an improved uniformity on 
the outer surface. Figure 3.9 shows the AFM image from a PC100B layer annealed at 
70°C. For comparison, Figure 3.10 shows the image from a PC100B surface without high 
temperature annealing but otherwise coated under identical conditions. Without 
annealing, the layer is non-uniform and displays some aggregated particles on the 
surface. These results confirm that annealing at 70°C does result in a uniform layer of 
similar appearance to the PC100A layers coated under the specified conditions.
3.19
0 10.D
JJM
20.0
Figure 3.9 Tapping mode image of a PC100B surface. The layer was coated onto 
silicon oxide from a 0.1 wt % polymer in the mixed solvent of ethanol and hexane 
(50 vol %) and the motor speed was controlled at 5 mm/sec. The layer was annealed 
at 70°C under vacuum for 3.5 hours. 20pm scan.
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Figure 3.10 Tapping mode image of a PC100B surface. The layer was coated onto 
silicon oxide from a 0.1 wt % polymer in the mixed solvent of ethanol and hexane 
(50 vol %) and the motor speed was controlled at 5 mm/sec. The layer was not 
exposed to a high temperature, ie. annealed under vacuum for 3.5 hours without 
raising the temperature above room temperature. 20pm scan.
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3.5 The Effect of Coating Conditions on Protein Adsorption at 
the PC Polymer-Water Interface.
The results so far in this chapter have clearly demonstrated the effects of solvent 
composition, the speed of lifting and the annealing temperature on both the thickness 
and the uniformity of the thin films on silicon oxide. In order to illustrate one of the 
reasons that the conditions are important to consider before studying protein adsorption, 
the response of the films to lysozyme solutions was checked by ellipsometry in initial 
trials. A PC 100A film was coated using the optimal coating conditions described 
previously: the lifting speed of 5 mm/sec. and the volume ratio of ethanol to hexane of 
1:1. The PC 100A layer was then annealed under vacuum for 3.5 hours to remove the 
trapped solvent. In this case, the annealing was carried out at 24°C, rather than at any 
higher temperature. An ellipsometry measurement was first made at the pure buffer- 
solid interface, and the data is shown in Figure 3.11. A subsequent measurement was 
made at the solid-liquid interface in the presence of 1 gdm'3 lysozyme at pH7, and the 
resultant profiles are also shown in Figure 3.11. The difference between the two sets of 
data indicates the amount of lysozyme adsorbed. It can be seen that adsorption causes 
changes in both \|/ and A. The exact amount of lysozyme adsorbed can be obtained by 
model fitting. The continuous lines in Figure 3.11 are the calculated model fits resulting 
from the construction of the best uniform layer models. The PC 100A layer thickness 
was found to be 60 ± 5 A. This layer was fixed in the fitting for the profile measured in 
the presence of lysozyme, assuming that the polymer profile and parameters remained 
unchanged. If the thickness of the lysozyme layer was fixed as 30A, which is the short 
axial length of the molecule, the refractive index was fitted to be 1.355 at 430nm. The 
surface excess was calculated to be 0.6 ± 0.4 mgm'2. The thickness of the lysozyme 
layer can of course be varied but the resulting surface excess remains the same within 
error. As already explained in Chapter 2, this is due to the correlation effect between 
thickness and refractive index observed with thin layers in ellipsometry.
Ellipsometry measurements were also made to determine the binding of 
lysozyme to a surface annealed at 160°C, but otherwise coated under identical 
conditions to those described above. The thickness of this polymer film was found to be
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55 + 5 A, slightly lower than the value obtained for the previous layer annealed at 24°C, 
as expected from the trend shown in Figure 3.7. The thickness decrease may suggest that 
heating above the Tg helps to smooth the layer and the outer polymer surface, resulting 
in a denser PC layer. This idea is supported by the results shown in Figure 3.12, where a 
comparison is made between ellipsometry measurements made in the presence and 
absence of 1 gdm"3 lysozyme at pH7. It can be seen clearly that there is no observable 
difference in \j/ or A, suggesting that there is no lysozyme adsorption detectable on the 
polymer surface. Thus, annealing at the temperature above Tg has further reduced 
protein adsorption. These results tend to suggest that the increased adsorption on the less 
uniform layers might be caused by the molecular-scale defects or pinholes that expose 
the hydrophobic fragments to the protein molecules, thus enhancing protein adsorption 
through hydrophobic-hydrophobic attraction.
In order to substantiate the results above, the adsorption properties of PC 100A 
surfaces coated using different solvent ratios were also checked. The solvent 
composition, as previously discussed is one of the major factors affecting the 
smoothness of the layer coated. Using a layer coated from a 10 vol% ethanol and 90 
vol% hexane (other parameters were kept at the optimum choices as described, and the 
layer was thus annealed at 160°C), ellipsometry measurements were again made before 
and after the addition of 1 gdm'3 lysozyme. The poor solvent resulted in a rough layer, 
and the level of roughness in this case was found to be similar to the sample coated in 
the 50:50 solvent mixture and annealed at the room temperature. Interestingly the 
profiles obtained were identical, within error, to those shown in Figure 3.11, and the 
surface excess of lysozyme was again found to be 0.6 ± 0.4 mgm'2.
Therefore, reducing the smoothness of the polymer layers by simply changing the 
coating conditions from the optimum has provided evidence for one of the reasons 
behind this work. The measurements demonstrate that the uniformity of the coated 
polymer film does have a direct influence on the extent of reduction in protein 
adsorption. The difference in uniformity and resulting adsorption is small but it is 
measurable. The measurements do not have any sensitivity to the distribution of the PC 
groups, but the results indicate that the underlying structure and conformation of the
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polymer layer directly affects the packing of the PC head groups on the outer surface. 
Improvement of the smoothness of the polymer film may act to reduce the extent of 
defects and pinholes and perhaps seal the PC groups on the outer surface, reducing the 
attraction of the proteins to the hydrophobic components. It is also possible that more 
proteins will adsorb to a non-uniform layer because there are more defect areas in which 
the molecules can get trapped at the surface. The role of PC in reducing protein 
adsorption will be further discussed and explored in the later chapters on the adsorption 
properties of the PC-polymers.
3.24
Wavelength (nm)
Wavelength (nm)
Figure 3.11 Plots of x\r and A as a function of A, at the PC100A (annealed at 24°C for 3.5 
hours under vacuum) solid-liquid interface after the adsorption of lysozyme onto the 
surface at 1 gdm'3 (A) at pH7. The solid lines are the calculated model fits. From the 
fitting, the surface excess calculated is 0.6 ± 0.4 mgm'2. The profiles obtained at the 
PC 100A solid-buffer interface are shown for comparison (• ) . The measurements were 
made at the incidence angle of 75° with respect to the surface normal and at 25°C.
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Figure 3.12 Plots of \|/ and A as a function of X at the PC100A (annealed at 160°C for 
3.5 hours under vacuum) solid-liquid interface after the adsorption of lysozyme onto the 
surface at 1 gdm'3 (A) at pH7. The solid lines are the calculated model fits. From the 
fitting, the surface excess calculated is 0 ± 0.4 mgm'2. The profiles obtained at the 
PC 100A solid-buffer interface are shown for comparison (•) . The measurements were 
made at the incidence angle of 75° with respect to the surface normal and at 25°C.
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3.6 Conclusions
The dip-coating conditions for coating a thin PC-polymer film, of either PC 100A 
or PC100B, onto a silicon oxide surface have been successfully characterised. The 
combined conditions, in each case, result in a reproducible film thickness of 50 ± 10 A 
with a uniformity in the order of ±2 A. PC100A should be coated at 0.1 wt% polymer in 
the mixed solvent of ethanol and hexane (50 vol%) and the motor speed controlled at 5 
mm/sec. The coated surface must be subsequently annealed at 160°C for 3.5 hours. The 
previously described dip-coating rig, designed to minimise vibration, was used for all 
coatings.
PC100B polymer films should be annealed at 70°C after coating, which is 
sufficient to smooth the surface of the cross-linked polymer. Otherwise, the coating 
conditions and procedure are identical to those described for PC100A.
The method used for determining the thickness and uniformity of each coated 
layer by ellipsometry continued to be used for all future samples prior to protein 
adsorption and other surface studies. In order to be able to make quantitative 
comparisons between samples, it is very important to first characterise and check the 
quality of the polymer films before proceeding with other surface studies. In addition, 
ellipsometry is a quick and readily available lab-based technique which can be used to 
check samples prior to neutron experiments.
Dip-coating is both an easy coating method and the only one really useful for 
coating the large silicon blocks which must be used for neutron experiments. It is, 
therefore, a method suitable for making the samples for both techniques to be used. 
Using the same coating method ensures reproducibility and allows the results to be 
directly compared.
This work also confirms the suspicion that the uniformity of the layer affects 
protein binding. By changing just one condition from the identified optimum, it was 
shown that lysozyme adsorption increases from negligible to a small but measurable 
amount. It is postulated that the conformation and underlying structure of the polymer
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layer is crucial and the uniformity is important for the correct ordering of the PC groups 
on the surface and to eliminate defects.
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Chapter 4
Protein A dsorption at M odel Solid-W ater Interfaces, 
Studied by Ellipsom etry and Neutron R eflection
4.1 Introduction
The adsorption behaviour of three model proteins, lysozyme, BSA and 
fibrinogen, on three different model surfaces was studied using ellipsometry and neutron 
reflection. First and foremost, the hydrophilic silicon oxide interface was examined 
because this corresponds to the bare, uncoated surface, prior to PC-polymer coating. 
Polymethylmethacrylate (PMMA) and octadecyltrichlorosilane (OTS) surfaces, coated 
on silicon oxide, were also characterised as model semi-polar and hydrophobic 
interfaces. PMMA is equivalent to the PC-polymer backbone and OTS mimics PC100A 
in the absence of PC groups.
The aim of the work described in this chapter was to obtain information about 
the adsorption behaviour and surface excess values for each of the proteins at each 
model surface from both techniques. This work serves a number of important purposes. 
Firstly, it allows a direct cross-examination of the accuracy and reliability of the surface 
excess values from spectroscopic ellipsometry because neutron reflection is intrinsically 
more sensitive to the structural distribution of different components across the solid- 
water interface of this type along the surface normal direction. As will be shown later, 
the fact that the surface excess values obtained from the two techniques, under the same 
surface and solution conditions, are the same within the experimental error, shows that 
spectroscopic ellipsometry can offer surface excess calculations as accurate as neutron 
reflection. Secondly, the measurements at different interfaces will enable the extent of 
reduction in protein adsorption at each of the PC-polymer surfaces to be studied. 
Although the adsorption behaviour of the three proteins has already been studied by a 
number of authors using a variety of techniques, such results cannot be directly 
compared because of the differences in exact experimental conditions and methods used
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to measure surface excess. This work serves to generate data for direct comparison to 
work on the PC polymer surfaces. Thirdly, the measurements were designed to 
characterise the adsorption of the proteins at non-biocompatible interfaces. This was 
important to demonstrate the adsorption behaviour characteristic of each of the proteins 
and show that they do indeed have high surface activities.
4. 2
4.2 Sample Preparation
The clean, hydrophilic silicon oxide surfaces used, both for study as bare 
interfaces and for coating, were generated by the method previously described in 
Chapter 3.
Octadecyltrichlorosilane (OTS) has the following chemical formula:
CH3(CH2)17SiCl3
The hydrophobic OTS surfaces were obtained by self-assembly of a densely packed 
monolayer onto a native silicon oxide surface in an identical way to that used by a 
number of authors (Lu et al, 1998; Brzoska et al, 1992; Netzer and Sagiv, 1983). This 
method is found to generate a close-packed monolayer in which the chains are oriented 
almost perpendicular to the solid surface. The contact angle is usually 110°± 3°. The 
thickness of the layer is close to the fully extended chain length of the octadecyl chain 
(about 24 A) (Styrkas et al, 1999).
Polymethylmethacrylate (PMMA) polymer has the following repeat unit:
H3
— ch2— ---------
— O
The PMMA layers were coated onto silicon oxide by spin coating from a 5 mg/ml (0.5 
%wt) solution in toluene and they were subsequently annealed at 160°C overnight. This 
coating procedure resulted in a uniform layer with a thickness of 50 ± 10 A, and a 
contact angle of 83° ± 3°.
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4.3 Protein Adsorption at the Hydrophilic SiC>2 Solid-Water 
Interface
The kinetics and time dependence of protein adsorption at different interfaces 
have been well documented and discussed in literature. Using in situ ellipsometry, 
McGuire et al (1995a) showed that it took over two hours for a lysozyme layer at the 
hydrophilic silica-water interface to reach equilibrium. A similar time dependence was 
also observed by Malmsten (1994a) and McGuire et al (1995b) for lysozyme layers 
adsorbed on hydrophobic solid-water interfaces. Malmsten (1994a) demonstrated that, 
even after the initial two hour period, there was still a gradual increase in surface excess 
for lysozyme adsorption at the ethylated silica-water interface. Lindon et al (1986) 
showed that the bulk of fibrinogen binding to methacrylate polymers occurred in the 
first thirty seconds with a slow progressive increase thereafter. Malmsten (1994a) also 
showed that, on a methylated silica surface, both human serum albumin and fibrinogen 
reached saturation adsorption within one to two hours.
Interestingly, Malmsten (1994b) demonstrated that, in terms of adsorption 
kinetics, the qualitative aspects are the same at hydrophilic and hydrophobic surfaces. 
Anand and Damodaran (1995) and Claesson et al (1995) observed a concentration effect 
in that there is a slower rate of adsorption with very low concentrations as the solutions 
take longer to come into equilibrium with the surface. This information shows that the 
experimental conditions can affect the rates of protein adsorption.
However, the work of Su et al (1998a, 1998b, 1998c), using specular neutron 
reflection, has indicated no observable time effect for lysozyme or bovine serum 
albumin (BSA) adsorption at the SiCVwater interface. This work was carried out on the 
white beam reflectometer CRISP, where adsorption can be determined after 20 minutes 
and then observed over a period of hours. Such work indicates no change in surface 
excess in this measurable time scale. Further to this work, Lu et al (1998) showed no 
time effect for lysozyme adsorption onto the hydrophobic OTS. This data was collected 
on the pulsed neutron beam diffractometer at the Institut Laue-Langevin. in Grenoble, 
where each measurement could be done within 10 minutes. Again no time effect was 
detected over a period of several hours. Spectroscopic ellipsometry is more appropriate
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for following the time dependent process because each measurement can be done within 
two minutes.
Figure 4.1 shows the results of such an ellipsometric study of lysozyme 
adsorption at pH7 at the Si02-water interface. All the protein measurements were 
carried out at 25°C. The surface excesses were measured at a low lysozyme bulk 
concentration of 0.03 gdm'3 and at a high bulk concentration of 4 gdm'3. The results 
indicate an initial time effect but, at both concentrations, the surface excesses have 
reached saturated levels twenty minutes after the surface was exposed to the protein 
solution. The rate of equilibration was slightly slower at a low concentration but not 
significantly. Therefore, all the measurements under equilibrated conditions have been 
done after 30 minutes in solution.
As outlined previously, ellipsometry measures the two ellipsometrical angles, \ji 
and A, as a function of X. We show in Figure 4.2 the elliptical profiles for the adsorption 
of lysozyme at pH7 at the bulk concentrations of 0.03 and 4 gdm"3. Similar 
measurements have been done for solutions under different concentrations to follow the 
time dependent process. As all these profiles appear to be similar, for clarity, they are 
not shown. The profiles obtained in the pure buffer solution, prior to exposure to 
lysozyme, are shown in Figure 4.2 for comparison and the level of protein adsorption 
can be visualised by comparing the differences between the profiles. The solid lines are 
the calculated model fits and the fitting was made by assuming that the structural profile 
for the oxide layer was the same as before lysozyme adsorption. To reduce the coupling 
effect between thickness and refractive index, the thickness of the lysozyme layer was 
fixed to be the same as that obtained by prior studies using neutron reflection on the 
same system (Su et al, 1998b). The neutron results are to be discussed later. Thus, if the 
layer was taken to be 30A thick at the bulk concentration of 0.03 gdm"3 lysozyme, the 
amount adsorbed was calculated to be 1.2 ± 0.4 mgm"2. The refractive index at 430nm 
was fitted to be 1.397. The thickness of the layer can be varied to some extent but the 
total surface excess for lysozyme remains unchanged within the quoted error. At the 
higher concentration of 4 gdm"3, with the thickness fixed as the bilayer thickness of 60A,
1the surface excess calculated was 4.4 ± 0.4 mgm"2. The refractive index at 430nm fitted 
in this case was 1.451.
Figure 4.3 shows the concentration dependence of the equilibrated surface 
excess of lysozyme adsorbed at the Si02-water interface at pH7. The initial rate of 
increase of surface excess with concentration is very sharp. At the low concentration of 
only 0.1 gdm'3, the surface excess is about 2.2 mgm'2, which is 50% of the total surface 
excess observed at the high concentration of 4 gdm'3. Above 0.1 gdm'3, the rate of 
increase of surface excess with concentration slows down. However, even at the very 
high concentration of 4 gdm'3, the surface still seems to be not completely saturated. 
This pattern of variation in surface excess with concentration is indicative of the 
formation of multilayers.
Neutron reflection measurements have also been made under identical solution 
conditions. Figure 4.4 shows the neutron reflectivity from the Si02-D20  interface before 
and after adsorption of lysozyme onto the surface at 4 gdm'3 at pH7. Data has also been 
collected at 0.03 gdm'3 and 1 gdm"3 but the profiles are not shown here for clarity. The 
shift in the reflectivity from the buffered D20  profile, indicate the adsorption of 
lysozyme. Modelling of this data shows that the lysozyme molecules adopt well 
structured conformations and the thicknesses of the layers are comparable to the 
dimensions of the globular structure for lysozyme. Fitting indicates that, at the low bulk 
concentration of 0.03 gdm‘3, the lysozyme forms a monolayer of 30 A thick, ie. the 
molecules adopt a sideways-on bound layer, and the surface excess calculated is 1.0 ± 
0.2 mgm'2 . At the higher concentrations of 1 and 4 gdm'3, the lysozyme forms a bilayer 
structure with a thickness of 60A, twice the short axial length of the molecule. The 
surface excesses are 3.7 ± 0.2 and 4.8 ± 0.2 mgm'2, respectively. These results 
demonstrate good agreements between the lysozyme surface excesses on Si02 obtained 
by both ellipsometry and neutron reflection. The surface excesses of lysozyme, and the 
other two proteins to be discussed, measured at a number of concentrations at the Si02- 
water interface by both techniques are summarised and compared in Table 4.1.
Lysozyme adsorption at the bare Si02/water interface has also been studied by 
Wahlgren et al (1997), McGuire at al (1995b) and Claesson et al (1995), all using single 
wavelength null ellipsometry. The total ionic strength was below 0.05M in all cases. A
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comparison of these independent sets of ellipsometry data shows that the difference can 
easily be over 20%, reflecting the range of uncertainty in these measurements. For 
example, at 1 gdm'3 the lysozyme surface excess was 2.8 mgm"2 from the work of 
McGuire et al, 3 mgm"2 from the work of Wahlgren et al and only 2.4 mgm"2 from the 
work of Claesson et al, as compared with the values of 3.5 and 3.7 mgm"2 from 
ellipsometry and neutron reflection respectively.
It is important to note that, in the case of lysozyme on SiC>2, the adsorption is 
irreversible with respect to protein concentration. That is, after rinsing with buffered 
D2O, a large fraction of the adsorbed lysozyme remains. However, complete desorption 
was shown after rinsing with ionic surfactants, such as the cationic C12TAB 
(dodecyitrimethylammonium bromide) (Su et al, 1998a). A complete removal must also 
mean that the adsorbed lysozyme retains its globular structure because on the OTS 
surface lysozyme is denatured and the addition of C12TAB leads to the formation of 
mixed layers of proteins and surfactant.
The adsorption of BSA at the SiC^-water interface at pH5, close to its isoelectric 
point of 4.8, was also studied by ellipsometry. Figure 4.5 shows the elliptical profiles of 
the adsorption of BSA at the bulk concentrations of 0.05 and 2 gdm"3 compared with the 
profile obtained in pure buffer. Again, the level of BSA adsorption can be visualised by 
the gap between the profiles. As with lysozyme, a full range of concentrations was 
studied but only the two extremes are shown here for clarity. Neutron reflection results 
(Su et al, 1998c), discussed later in this section, have previously shown that at low 
concentrations of BSA, the molecules form a sideways-on monolayer with a thickness 
of 37 A on SiC>2 surfaces. At the higher concentration of 2 gdm'3, a bilayer of 
approximately 80 A thick is adsorbed. In the fitting, the BSA layer thickness was fixed 
as 37 A at 0.05 gdm"3, as neutron reflection suggests, and the refractive index fitted was 
1.394 at 430nm. The surface excess calculated was 1.5 ± 0.4 mgm"2. At 2 gdm"3, with 
the thickness fixed as 80A and the refractive index fitted to 1.389 at 430nm, the surface 
excess was calculated tobe3.0±0.4  mgm"2.
Figure 4.6 shows the concentration dependence of the surface excess of BSA 
adsorbed at the SiC>2-water interface at pH5. The initial rate of increase of surface excess 
with concentration is very sharp. At the low concentration of only 0.1 gdm"3, the surface
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excess is about 1.7 mgm’2, which is just over 50% of the total surface excess observed at 
the high concentration of 2 gdm'3. The rate of increase of surface excess with 
concentration then slows down. However, even at the high concentration of 2 gdm'3, the 
surface still seems to be not completely saturated, again indicating the formation of 
multilayers. The rate of change of surface excess with concentration for BSA is very 
similar to that seen for lysozyme in Figure 4.3. However, the total surface excess 
observed at the higher concentrations is larger for lysozyme.
Neutron reflection measurements have also been made under identical solution 
conditions. Figure 4.7 shows the neutron reflectivity from the Si02-D20  interface before 
and after adsorption of BSA onto the surface at 2 gdm'3 at pH5. The shift in the 
reflectivity from the buffered D20  profile, indicates the increase in BSA surface excess. 
Modelling of these results indicates that, at the low bulk concentration of 0.05 gdm'3, 
BSA forms a monolayer of 37 A thick, ie. the molecules adopt a sideways-on bound 
layer structure, and the surface excess calculated is 2.0 ± 0.2 mgm"2 . At the higher 
concentration of 2 gdm'3, BSA forms a bilayer structure with layer thicknesses of 37 A 
and 45 A. The calculated surface excess is 2.8 ± 0.2 mgm'2. Again, these results 
demonstrate good agreements between the BSA surface excesses on Si02 obtained by 
both ellipsometry and neutron reflection. The surface excesses of BSA, and the other 
proteins, measured at a number of concentrations at the Si02-water interface by both 
techniques are summarised and compared in Table 4.1.
Although BSA is a globular protein, it is much greater in size and more flexible 
than lysozyme. The adsorption isotherm of BSA on Si02 is normally characterised by 
the attainment of the maximum surface excess around 2 to 2.5 mgm'2 at very low bulk 
concentrations. This suggests a very high surface activity. There is no data in the 
literature to directly compare to the results presented here. However, results from both 
neutron reflection (Su et al, 1998c) and ellipsometry suggest that it is surface active and, 
as for lysozyme, complete desorption is only observed after rinsing with ionic 
surfactants such as Ci2TAB.
Figure 4.8 shows the ellipsometrical profiles for the adsorption of fibrinogen at 
the Si02-water interface at the bulk concentrations of 0.05 and 1 gdm'3 at pH7, 
compared to the profile measured in pure buffer. Simply by observing the differences
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between the profiles, compared to those seen for both lysozyme and BSA, it is possible 
to conclude that this protein’s adsorption behaviour is somewhat different. The profiles 
measured at low and high bulk concentrations are very close, suggesting very similar 
surface excesses under both conditions. At 0.05 gdm'3, the calculated surface excess is 
4.6 ± 0.4 mgm'2. The layer thickness was fixed as 100 A and the refractive index fitted 
was 1.402 at 430nm. At 1 gdm'3, the surface excess was 5.8 ± 0.4 mgm'2, with the 
refractive index fitted to 1.424 at 430nm.
Figure 4.9 shows the concentration dependence of the surface excess of 
fibrinogen adsorbed at the Si02-water interface. The initial rate of increase with 
concentration is very rapid with a coverage of 4.6 mgm"2 at only 0.05 gdm'3. This is 
approximately 80% of the saturation excess. The increase in surface excess plateaus at 
0.5 gdm'3 and the saturation surface excess is 5.8 mgm'2. These results do show that 
fibrinogen is very surface active on Si02 and the surface excess values, particularly at 
low concentrations, are much higher than for lysozyme and BSA. The surface excesses 
determined for fibrinogen on Si02 and other proteins are, as before, summarised in 
Table 4.1.
Unfortunately, there is no neutron reflection data available to compare with these 
ellipsometry results. Results described in the literature, however, all report fibrinogen as 
being the protein which is most strongly adsorbed to Si02 and other surfaces (Malmsten, 
1995; Horbett and Brash, 1995; Nimeri et al, 1994). Fibrinogen is a very large, flexible 
protein and is suggested to be very surface active. Widely differing amounts of 
fibrinogen adsorption have been reported by different research groups using apparently 
identical materials. This is suggested to be a result of the use of different experimental 
conditions, such as adsorption time and temperature (Horbett and Brash, 1995). Such 
information only further reinforces the importance of the objective of this work, which 
is to provide values to compare with the “biocompatible” PC-polymer surfaces.
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Table 4.1 Surface excesses for the adsorption of proteins at the SiCVwater interface
Protein Cl gdm'3 pH T ± 0.4 /mgm"2 
(ellipsometry)
T ± 0.2 /mgm"2 
(neutrons)
Lysozyme 0.03 7 1.2 1.0
1 7 3.5 3.7
4 7 4.4 4.8
BSA 0.05 5 1.5 2.0
1 5 2.5 -
2 5 3.0 2.8
Fibrinogen 0.05 7 4.6 -
0.1 7 5.3 -
1 7 5.8 -
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Figure 4.1 The time dependence of lysozyme adsorption at the Si02-water interface, 
measured at the bulk concentrations of 0.03 (4) and 1 gdm'3 (+) at pH7. The surface 
excess measurements are a result of repeated solid-liquid spectroscopic ellipsometry 
measurements, at an incidence angle of 75° and at 25°C.
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Figure 4.2 Plots of \\j and A as a function of X at the SiCVliquid interface after the 
adsorption of lysozyme onto the surface at 0.03 (A) and 4 gdm'3 (□ ) at pH7. The solid 
lines are the calculated model fits. From the fitting, the surface excesses calculated are 
1.2 ± 0.4 and 4.4 ± 0.4 mgm'2 respectively. The profiles obtained at the SKVbuffer 
interface are shown for comparison (o). The measurements were made at the incidence 
angle of 75° with respect to the surface normal and at 25°C.
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Figure 4.3 The concentration dependence of the total surface excess of lysozyme 
adsorbed at the Si02-water interface at pH7. The surface excess measurements are a 
result of a series of solid-liquid spectroscopic ellipsometry measurements, at an 
incidence angle of 75° and at 25°C.
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Figure 4.4 Neutron reflectivity measured from the Si02-D20  interface before (+) and 
after adsorption of lysozyme onto the surface at 4 gdm'3 (□ ) at pH7. The continuous 
lines through the measured reflectivities are the fits to the profiles of the bare oxide 
layer, with a thickness of 20 ± 5 A as discussed, and after lysozyme adsorption 
demonstrating a surface excess of 4.8 ± 0.2 mgm'2.
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Figure 4.5 Plots of \|/ and A as a function of X at the SiCE-liquid interface after the 
adsorption of BSA onto the surface at 0.05 (A) and 2 gdm'3 (□ ) at pH5. The solid lines 
are the calculated model fits. From the fitting, the surface excesses calculated are 1.5 ± 
0.4 and 3.0 ± 0.4 mgm'2 respectively. The profiles obtained at the SiC>2-buffer interface 
are shown for comparison (o). The measurements were made at the incidence angle of 
75° with respect to the surface normal and at 25°C.
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Figure 4.6 The concentration dependence of the total surface excess of BSA adsorbed at 
the Si02-water interface at pH5. The surface excess measurements are a result of a 
series of solid-liquid spectroscopic ellipsometry measurements, at an incidence angle of 
75° and at 25°C.
Momentum Transfer/A"1
Figure 4.7 Neutron reflectivity measured from the Si02-D20  interface before (+) and 
after adsorption of BSA onto the surface at 2 gdm'3 (□ ) at pH5. The continuous lines 
through the measured reflectivities are the fits to the profiles of the bare oxide layer, 
with a thickness of 20 ± 5 A as discussed, and after BSA adsorption demonstrating a 
surface excess of 3.0 ± 0.2 mgm'2.
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Figure 4.8 Plots of \\f and A as a function of X at the SiC>2-liquid interface after the 
adsorption of fibrinogen onto the surface at 0.05 (A) and 1 gdm'3 (□ ) at pH7. The solid 
lines are the calculated model fits. From the fitting, the surface excesses calculated are 
4.6 ± 0.4 and 5.8 ± 0.4 mgm'2 respectively. The profiles obtained at the SiCVbuffer 
interface are shown for comparison (o). The measurements were made at the incidence 
angle of 75° with respect to the surface normal and at 25°C.
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Figure 4.9 The concentration dependence of the total surface excess of fibrinogen 
adsorbed at the Si02-water interface at pH7. The surface excess measurements are a 
result of a series of solid-liquid spectroscopic ellipsometry measurements, at an 
incidence angle of 75° and at 25°C.
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4.4 Protein Adsorption at the Octadecyltrichlorosilane (OTS) 
Coated Si02 Solid-Water Interface
Using the same approach and conditions as just described for the bare SiCVwater 
interface, the adsorption characteristics of the three model proteins at the hydrophobic 
OTS solid-water interface have been characterised. The effect of adsorption time on the 
surface excess values measured has already been discussed and considered in section 
4.3. No difference was found between the hydrophobic and hydrophilic surfaces for 
these proteins. Therefore, all final measurements discussed here were again made once 
equilibrium had been reached, ie. after thirty minutes adsorption time.
The thickness of each coated OTS film was determined by ellipsometry 
measurements, prior to the protein adsorption experiments. In all cases the layers fitted 
to a thickness of 24 ± 5 A, using a refractive index of 1.460 at 430 nm. Once the layer 
had been characterised, this information could be used in subsequent modelling.
Figure 4.10 shows the elliptical profiles for the adsorption of lysozyme at pH7 at 
the OTS solid-water interface at the bulk concentrations of 0.03 and 4 gdm'3. The profile 
measured in pure buffer, prior to exposure to lysozyme, is shown for comparison. The 
level of protein adsorption can be visualised by comparing the differences between these 
profiles. The solid lines are the calculated model fits and the fitting was made by 
assuming that the structural profile for the OTS layer was the same as before lysozyme 
adsorption. To reduce the coupling effect between thickness and refractive index, the 
thickness of the lysozyme layer was fixed to be the same as that obtained by prior 
neutron reflection studies on OTS (Lu et al, 1998). The results of this neutron reflection 
study are discussed later in this section. Thus, if the layer was taken to be 50 A thick at 
the bulk concentration of 0.03 gdm"3, the amount adsorbed was calculated to be 1.9 ± 0.4 
mgm"2. The refractive index at 430nm was fitted to be 1.388. The thickness of the layer 
can as usual be varied to some extent but the surface excess calculated remains the same 
within error. At the higher concentration of 4 gdm'3, with the thickness again fixed as 
50 A, the surface excess calculated was 5.1 ± 0.4 mgm'2. The refractive index at 430nm 
fitted in this case was 1.501.
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The concentration dependence of the surface excess of lysozyme adsorbed at the 
OTS-water interface at pH7 is shown in Figure 4.11. It should be observed that the 
initial rate of increase of surface excess with concentration is very sharp. At the low 
concentration of only 0.1 gdm'3, the surface excess is about 2.3 mgm'2, nearly 50% of 
the total surface excess observed at the high concentration of 4 gdm"3. Once 50% of the 
surface excess is reached, the rate slows down. The rate of increase of surface excess 
with concentration is identical within error to that observed for lysozyme at the bare 
Si02 interface in Figure 4.3. The only difference is that the surface excess adsorbed is 
systematically slightly higher at the OTS interface.
Neutron reflection measurements have also been made under identical solution 
conditions but only at a low concentration of lysozyme of 0.03 gdm"3. Figure 4.12 shows 
the neutron reflectivity from the partially deuterated OTS solid-D20 interface before and 
after adsorption of lysozyme onto the surface at 0.03 gdm'3 at pH7. The adsorption of 
lysozyme onto the surface is indicated by the shift in the reflectivity from the buffered 
D2O profile. Modelling of this data shows that, unlike the hydrophilic surface, the 
hydrocarbon surface causes a complete breakdown of the globular structure of lysozyme 
and the adsorbed denatured protein layer is characterised by a very dense inner layer of 
some 10 A with over 90% polypeptides and an outer layer of some 40 A with 15% 
protein fragments. The extended tail is likely to be composed of the polar and charged 
groups that are more hydrophilic. The surface excess calculated from the fit to this data 
is 1.7 ± 0.2 mgm' . This result demonstrates a good agreement with the value obtained 
by ellipsometry. The surface excesses of lysozyme, and the other proteins to be 
discussed, measured at the OTS solid-water interface are summarised and compared in 
Table 4.2.
It should be noted that this work (Lu et al, 1998) also showed that the subsequent 
addition of a cationic surfactant resulted in the binding of the surfactant to the 
preadsorbed protein fragments. The surface was eventually composed of the complex 
mixture of surfactants and protein residues. Therefore, adsorption of lysozyme onto the 
hydrophobic surface results in an irreversibly bound protein layer.
Although there is very little neutron reflection data available to compare with the 
ellipsometry results, it is clear that, as observed before, ellipsometry is sensitive to the
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adsorbed amount, although not to the actual structural details of the layers. It has been 
well documented in literature that a hydrophobic surface often induces exposure of the 
hydrophobic fragments within a globular protein, leading to irreversible adsorption of 
the denatured protein (Haynes et al, 1994; Iwasaki et al, 1996; Feng et al, 1994). As a 
result of data obtained by a variety of techniques, including null single wavelength 
ellipsometry, it has generally being concluded that, typically, there is more protein 
adsorption on hydrophobic surfaces (Malmsten, 1995; Horbett and Brash, 1995). The 
ellipsometry and neutron results presented here suggest, that in the case of OTS, there is 
a little more adsorption than seen on the bare Si02 surface but the difference is not very 
large.
The ellipsometrical profiles for the adsorption of BSA at pH5 at the OTS solid- 
water interface, at the bulk concentrations of 0.05 and 2 gdm'3, are shown in Figure 
4.13. The profile measured in pure buffer prior to exposure to BSA, is shown for 
comparison. Again, the level of protein adsorption can be visualised by comparing the 
differences between the profiles. The thickness of the BSA layer was fixed as 50A, the 
same as used for lysozyme, as there is no data confirming the thickness of a denatured 
BSA layer at such an interface. As has already been established, with ellipsometry 
fitting, the thickness can be varied over a relatively large range and an identical surface 
excess will be obtained within error. Thus, if the layer was taken to be 50 A thick at the 
bulk concentration of 0.03 gdm'3, the amount adsorbed was calculated to be 1.9 ± 0.4 
mgm'2. The refractive index at 430nm was fitted to be 1.385. At the higher concentration 
of 2 gdm'3, with the thickness again fixed as 50 A, the surface excess calculated was 3.0 
± 0.4 mgm'2. The refractive index at 430nm fitted in this case was 1.423.
Figure 4.14 shows the concentration dependence of the surface excess of BSA 
adsorbed at the OTS solid-water interface at pH5. The initial rate of increase of surface 
excess with concentration is very sharp. At the low concentration of only 0.1 gdm'3, the 
surface excess is about 2.2 mgm'2, more than 50% towards the total surface excess 
observed at the high concentration of 2 gdm'3 and slightly higher than that observed on 
bare Si02. Once 50% of the surface excess is reached, the rate slows down and starts to 
plateau. The shape of the surface excess curve is almost identical within error to that 
observed for BSA at the bare Si02 interface in Figure 4.6. The adsorption is greater at
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lower concentrations, however, as the concentration increases the difference becomes 
smaller.
There are no neutron reflection data currently available to compare to these 
results. The surface excess values for BSA are again summarised in Table 4.2.
The adsorption of fibrinogen at pH7 at the OTS-water interface was measured. 
Figure 4.15 shows the ellipsometrical profiles measured at the bulk concentrations of 
0.05 and 1 gdm'3, compared to that measured in pure buffer, prior to exposure to 
fibrinogen. Again, the levels of protein adsorption can be visualised by comparing the 
differences between the profiles. The thickness of the fibrinogen layer was fixed as 
100A, the same as used before, as there are no data confirming the thickness of a 
denatured fibrinogen layer at such an interface. Again with ellipsometry fitting, the 
thickness can be varied over a relatively large range and an identical surface excess will 
be obtained within error. Thus, if the layer was taken to be 100 A thick at the bulk 
concentration of 0.03 gdm'3, the amount adsorbed was calculated to be 5.0 ± 0.4 mgm'2. 
The refractive index at 430nm was fitted to 1.409. At the higher concentration of 1 
gdm'3, with the thickness again fixed as 100 A, the surface excess calculated was 5.6 ± 
0.4 mgm'2. The refractive index at 430nm fitted in this case was 1.420.
Figure 4.16 shows the concentration dependence of the surface excess of 
fibrinogen adsorbed at the OTS solid-water interface at pH7. The initial rate of increase 
of surface excess with concentration is again much sharper than with the other proteins. 
At the low concentration of only 0.1 gdm'3, the surface excess is about 5.5 mgm"2 which 
is basically the saturation surface excess observed from that point onwards. Within 
error, the surface excess values and the rate of increase are the same as observed on bare 
Si02 in Figure 4.9. The results are again summarised in Table 4.2.
Again, there is no neutron reflection data currently available. However, there are 
some values reported in literature for fibrinogen adsorption on methylated silica 
surfaces, which are comparable to the high values observed here. For example, Elwing 
et al (1988) have quoted a value of 6mgm'2. Nygren et al (1992) also found that 
fibrinogen adsorbs on hydrophilic and hydrophobic surfaces in similar amounts, again 
very close to the results obtained here.
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Table 4.2 Surface excesses for the adsorption of proteins at the OTS solid-water 
interface
Protein Cl gdm" pH r  ± 0.4 /mgm"2 
(ellipsometry)
r  ± 0.2 /mgm"2 
(neutrons)
Lysozyme 0.03 7 1.9 1.7
1 7 3.7 -
4 7 5.1 -
BSA 0.05 5 1.9 -
1 5 2.8 -
2 5 3.0 -
Fibrinogen 0.05 7 5.0 -
0.1 7 5.5 -
1 7 5.6 -
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Figure 4.10 Plots of \|/ and A as a function of X at the OTS solid-liquid interface after 
the adsorption of lysozyme onto the surface at 0.03 (A) and 4 gdm'3 (□ ) at pH7. The 
solid lines are the calculated model fits. From the fitting, the surface excesses calculated 
are 1.9 ± 0.4 and 5.1 ± 0.4 mgm'2 respectively. The profiles obtained at the OTS solid- 
buffer interface are shown for comparison (o). The measurements were made at the 
incidence angle of 75° with respect to the surface normal and at 25°C.
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Figure 4.11 The concentration dependence of the total surface excess of lysozyme 
adsorbed at the OTS solid-water interface at pH7. The surface excess measurements are 
a result of a series of solid-liquid spectroscopic ellipsometry measurements, at an 
incidence angle of 75° and at 25°C.
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Figure 4.12 Neutron reflectivity measured from the partially deuterated OTS solid-D20  
interface before (+) and after adsorption of lysozyme onto the surface at 0.03 gdm'3 (□ ) 
at pH7. The continuous lines through the measured reflectivities are the fits to the 
profiles of the bare OTS layer, with a thickness of 24 ± 5 A as discussed, and after 
lysozyme adsorption demonstrating a surface excess of 1.7 ± 0.2 mgm'2.
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Figure 4.13 Plots of \|/ and A as a function of X at the OTS solid-liquid interface after 
the adsorption of BSA onto the surface at 0.05 (A) and 2 gdm'3 (□ ) at pH5. The solid 
lines are the calculated model fits. From the fitting, the surface excesses calculated are 
1.9 ± 0.4 and 3.0 ± 0.4 mgm'2 respectively. The profiles obtained at the OTS solid-buffer 
interface are shown for comparison (o). The measurements were made at the incidence 
angle of 75° with respect to the surface normal and at 25°C.
[BSA]/ gdm-3
Figure 4.14 The concentration dependence of the total surface excess of BSA adsorbed 
at the OTS solid-water interface at pH5. The surface excess measurements are a result of 
a series of solid-liquid spectroscopic ellipsometry measurements, at an incidence angle 
of 75° and at 25°C.
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Figure 4.15 Plots of \|/ and A as a function of X at the OTS solid-liquid interface after 
the adsorption of fibrinogen onto the surface at 0.05 (A) and 1 gdm'3 (□ ) at pH7. The 
solid lines are the calculated model fits. From the fitting, the surface excesses calculated 
are 5.0 ± 0.4 and 5.6 ± 0.4 mgm'2 respectively. The profiles obtained at the OTS solid- 
buffer interface are shown for comparison (o). The measurements were made at the 
incidence angle of 75° with respect to the surface normal and at 25°C.
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Figure 4.16 The concentration dependence of the total surface excess of fibrinogen 
adsorbed at the OTS solid-water interface at pH7. The surface excess measurements are 
a result of a series of solid-liquid spectroscopic ellipsometry measurements, at an 
incidence angle of 75° and at 25°C.
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4.5 Protein Adsorption at the Polymethylmethacrylate 
(PMMA) Coated S i0 2 Solid-Water Interface
Once again, the adsorption characteristics of the three model proteins at the 
PMMA solid-water interface were determined using the same approach and conditions. 
A similar time-dependent process as described for Si02 and OTS surfaces was observed. 
Therefore, as for Si02 and OTS surfaces, all final measurements discussed here were 
made once equilibrium had been reached, ie. after thirty minutes adsorption time. 
Although no neutron reflection results are available to compare with the ellipsometry 
measurements it can be seen that, based on the results from sections 4.3 and 4.4, 
ellipsometry provides reliable and comparable measurements of surface excess.
The thickness and uniformity of each coated PMMA polymer film was 
determined by ellipsometry measurements, prior to the protein adsorption experiments. 
In all cases the layers fitted to a thickness of 55 ± 5 A, using a refractive index of 1.460 
at 430 nm. Once the layer had been characterised, this information could be used in 
subsequent modelling.
Figure 4.17 compares the initial ellipsometrical profiles measured in pure buffer 
at the solid PMMA-water interface to those measured after lysozyme adsorption at pH7 
at the bulk concentrations of 0.03 and 4 gdm"3. The differences between the profiles 
indicate the level of protein adsorption. The solid lines are the calculated model fits and 
the fitting was made by assuming that the structural profile for the PMMA layer was the 
same as before lysozyme adsorption. The thickness of the lysozyme layer was fixed at 
30A, the short axial length of the molecule, to reduce the coupling effect between 
thickness and refractive index. In this case, there is no source of neutron data from 
which conclusions can be drawn about the orientation or state of the lysozyme 
molecules on the PMMA surface. If the layer was taken to be 30 A thick at the bulk 
concentration of 0.03 gdm'3, the amount adsorbed was calculated to be 1.4 ± 0.4 mgm'2 
and the refractive index at 430 nm was fitted to be 1.406. As usual, the thickness of the 
layer can be varied to some extent but the surface excess calculated remains the same 
within error. At the higher concentration of 4 gdm'3, with the thickness again fixed as 30
V
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A, the refractive index fitted at 430nm was 1.476. The surface excess calculated was 2.6 
±0.4 mgm'2.
Figure 4.18 illustrates the concentration dependence of the surface excess of 
lysozyme adsorbed at the PMMA solid-water interface at pH7. It should be observed 
that the initial rate of increase of surface excess with concentration is very sharp. At the 
low concentration of only 0.03 gdm'3, the surface excess is about 1.4 mgm'2, nearly two 
thirds of the total surface excess observed at the high concentration of 4 gdm'3. Initially 
the rate of increase in surface excess with concentration is the same as with Si02 but the 
saturation surface excess is lower than for both Si02 and OTS. The total surface 
excesses observed at 1 and 4 gdm'3 are around 40% less than on Si02 and OTS. 
Therefore, it seems that the lysozyme adsorption characteristics are very similar to Si02 
and OTS at the low concentrations but at the higher bulk concentrations, the adsorption 
is markedly reduced. These results suggest that a PMMA coating is effective at reducing 
the total saturation surface excess. The surface excesses at the PMMA interface at a 
range of concentrations are summarised in Table 4.3, along with the other proteins 
studied.
The ellipsometrical profiles for the adsorption of BSA at pH5 at the solid 
PMMA-water interface, at the bulk concentrations of 0.05 and 2 gdm"3, are shown in 
Figure 4.19. Also plotted for comparison are the profiles measured in pure buffer, prior 
to exposure to BSA. The thickness of the BSA layer was fixed at 50A to reduce the 
coupling effect between thickness and refractive index. Thus, at the bulk concentration 
of 0.03 gdm'3, the amount adsorbed was calculated to be 1.3 ± 0.4 mgm'2. The refractive 
index at 430nm was fitted to be 1.367. The change in thickness of the layer does not 
alter the surface excess. At the higher concentration of 2 gdm'3, with the thickness again 
fixed as 50 A, the surface excess calculated was 2.3 ± 0.4 mgm'2. The refractive index at 
430nm fitted in this case was 1.403.
The initial rate of increase of BSA surface excess with concentration is sharp. 
This is shown in Figure 4.20 which illustrates the concentration dependence of the 
surface excess adsorbed at the solid PMMA-water interface at pH5. At the low 
concentration of 0.05 gdm"3, the surface excess is about 1.3 mgm'2, over 50% of the total 
surface excess observed at the high concentration of 2 gdm'3. This is similar to the
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observations on Si02 and the surface excess at this concentration is slightly lower than 
on OTS. However, the saturation surface excess is lower than observed for both Si02 
and OTS, the total surface excess at 1 and 2 gdm'3 being about 20% less. This is, 
however, not as marked a difference as that seen with lysozyme. BSA adsorption is very 
similar to that on Si02 at the low concentrations but at the higher bulk concentrations, 
the adsorption is markedly reduced in comparison with that on both Si02 and OTS. The 
surface excesses at the PMMA interface at a range of concentrations are summarised in 
Table 4.3, along with the other proteins studied.
Figure 4.21 compares the ellipsometrical profiles measured at the solid PMMA- 
water interface before and after the adsorption of fibrinogen at the bulk concentrations 
of 0.05 and 1 gdm'3 at pH7. Once again, the thickness of the fibrinogen layer was fixed 
at 100A in an attempt to overcome the coupling effect between the thickness and 
refractive index parameters. No neutron data are available to indicate the orientation or 
state of the fibrinogen molecules on the PMMA surface. Thus, assuming a 100 A thick 
fibrinogen layer at the bulk concentration of 0.05 gdm'3, the refractive index at 430nm 
was fitted to be 1.359 and the amount adsorbed was calculated to be 2.2 ± 0.4 mgm'2. At 
the higher concentration of 1 gdm"3, with the thickness again fixed as 100 A, the surface 
excess was calculated to be 3.2 ± 0.4 mgm'2. The refractive index at 430nm fitted in this 
case was 1.377.
Figure 4.22 shows the concentration dependence of the surface excess of 
fibrinogen adsorbed at the solid PMMA-water interface at pH7. Observe that at the low 
concentration of only 0.1 gdm'3, the surface excess is about 2.5 mgm'2, over 75% of the 
total surface excess observed at the high concentration of 1 gdm"3. Therefore, the initial 
rate of increase of surface excess with concentration is sharp. The shape of the curve is 
very similar to that observed for both Si02 and OTS except that the surface excess 
plateaus at a slightly higher concentration than on those surfaces. However, the actual 
surface excesses at all concentrations are very different. In all cases the adsorption is 
about 50% less than that observed on Si02 and OTS.
Lindon et al (1986) have studied protein adsorption on polyalkylmethacrylate 
polymer surfaces and found that both globular and fibrous proteins produced densely 
packed layers and the amount adsorbed was strongly related to the type of protein
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molecules. Indeed this work suggests that adsorption onto PMMA surfaces is 
determined by the type of protein. The adsorption of the globular proteins lysozyme and 
BSA is reduced at high bulk concentrations, relative to Si02 and OTS. The highly 
surface active fibrinogen, however, adsorbs significantly less at both low and high 
concentrations.
Table 4.3 Surface excesses for the adsorption of proteins at the PMMA solid-water 
interface
Protein C/ gdm'3 pH T ± 0.4 /mgm'2 
(ellipsometry)
r  ± 0.2 /mgm'2 
(neutrons)
Lysozyme 0.03 7 1.4 -
1 7 2.0 -
4 7 2.6 -
BSA 0.05 5 1.3 -
1 5 2.3 -
2 5 2.3 -
Fibrinogen 0.05 7 2.2 -
0.1 7 2.5 -
1 7 3.2 -
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Figure 4.17 Plots of \{/ and A as a function of X at the PMMA-liquid interface after the 
adsorption of lysozyme onto the surface at 0.03 (A) and 4 gdm'3 (□ ) at pH7. The solid 
lines are the calculated model fits. From the fitting, the surface excesses calculated are 
1.4 ± 0.4 and 2.6 ± 0.4 mgm'2 respectively. The profiles obtained at the PMMA-buffer 
interface are shown for comparison (o). The measurements were made at the incidence 
angle of 75° with respect to the surface normal and at 25°C.
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Figure 4.18 The concentration dependence of the total surface excess of lysozyme 
adsorbed at the PMMA-water interface at pH7. The surface excess measurements are a 
result of a series of solid-liquid spectroscopic ellipsometry measurements, at an 
incidence angle of 75° and at 25°C.
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Figure 4.19 Plots of v|/ and A as a function of X at the PMMA-liquid interface after the 
adsorption of BSA onto the surface at 0.05 (A) and 2 gdm'3 (□ ) at pH5. The solid lines 
are the calculated model fits. From the fitting, the surface excesses calculated are 1.3 ± 
0.4 and 2.3 ± 0.4 mgm"2 respectively. The profiles obtained at the PMMA-buffer 
interface are shown for comparison (o). The measurements were made at the incidence 
angle of 75° with respect to the surface normal and at 25°C.
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Figure 4.20 The concentration dependence of the total surface excess of BSA adsorbed 
at the PMMA-water interface at pH5. The surface excess measurements are a result of a 
series of solid-liquid spectroscopic ellipsometry measurements, at an incidence angle of 
75° and at 25°C.
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Figure 4.21 Plots of x\f and A as a function of X at the PMMA-liquid interface after the 
adsorption of fibrinogen onto the surface at 0.05 (A) and 1 gdm-3 (□ ) at pH7. The solid 
lines are the calculated model fits. From the fitting, the surface excesses calculated are 
2.2 ± 0.4 and 3.2 ± 0.4 mgm'2 respectively. The profiles obtained at the PMMA-buffer 
interface are shown for comparison (o). The measurements were made at the incidence 
angle of 75° with respect to the surface normal and at 25°C.
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Figure 4.22 The concentration dependence of the total surface excess of fibrinogen 
adsorbed at the PMMA-water interface at pH7. The surface excess measurements are a 
result of a series of solid-liquid spectroscopic ellipsometry measurements, at an 
incidence angle of 75° and at 25°C.
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4.6 Conclusions
The results presented in this chapter are very important for a number of reasons. 
Primarily, they establish that both ellipsometry and neutron reflection are sensitive and 
comparable techniques for studying protein adsorption at a number of interfaces. Both 
yield quantitative information about the surface excess adsorbed at the solid-water 
interfaces. Although ellipsometry is not sensitive to the actual structural distribution of 
the protein layers, it is sensitive to an overall measurement of the surface excess. The 
surface excess values do agree very well with the neutron reflection measurements. 
Ellipsometry is a faster and more readily available laboratory-based technique which can 
be used to carry out primary studies of the protein adsorption properties of various 
interfaces. Neutron reflection, which is more expensive and on which the experimental 
time is more limited, can then be used for more detailed studies of each of the surfaces 
once the main characteristics are known. Secondly, they provide comparisons to the 
measurements presented in the following chapters. All the results have been collected 
using exactly the same techniques and conditions subsequently used with the study of 
the PC polymers. Therefore, the surface excess values can be directly compared and any 
reduction in protein adsorption can be quantified.
The surface type does of course affect the total surface excess of each protein 
adsorbed but there is a similar trend in the behaviour of each protein type at each 
surface. The results indicate that the largest and most flexible protein, fibrinogen, has 
the highest surface activity. As discussed, this is largely expected as fibrinogen has long 
been suggested to be the one of most surface-active proteins. At all interfaces, 
fibrinogen is observed to show a high adsorption at very low concentrations and the 
surface excess also plateaus at a relatively low concentration. In contrast to fibrinogen, 
both lysozyme and BSA are globular proteins, although BSA is much larger and more 
flexible than lysozyme. Both of these proteins display a similar behaviour at each of the 
model surfaces. The initial rate of increase in surface excess with concentration is high 
but not as marked as with fibrinogen. Therefore, lysozyme and BSA have a high surface 
activity at low concentrations. However, in all cases the surface excess then plateaus out 
relatively slowly over the higher concentration range, advancing slowly towards
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saturation. The saturation plateau in all the cases with these proteins is not as defined or 
at such low concentrations as observed for fibrinogen.
If the adsorption properties of a number of interfaces can be directly compared it 
will be at least possible to discuss some of the qualities and features that are important in 
rendering a surface biocompatible and reducing protein adsorption. Both the hydrophilic 
silicon oxide and the hydrophobic OTS surfaces induce a large protein deposition. A 
PMMA coating, however, provides some reduction, especially in the case of fibrinogen. 
The effectiveness of the PC polymer, over the simple PMMA backbone, can therefore 
be determined. Any relationship of reduction to protein type and its surface activity can 
also be discussed.
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Chapter 5
Protein A dsorption at the PC100A Polym er Solid- 
W ater Interface
5.1 Introduction
This chapter is devoted to the results and discussion arising from the study of 
protein binding to thin PC100A films coated on silicon oxide (Murphy et al, 1999b). 
Full details of the synthesis and chemical structure of this hydrogenated, PC-polymer 
have been fully described in Chapter 2. No previous attempt has been made to 
characterise the composition of the thin films formed by PC100A, although some 
qualitative assay tests for fibrinogen binding and platelet adhesion have been made 
to estimate the extent of protein adsorption (Campbell et al, 1992 and 1994; 
Chapman et al, 1992). Scanning electron microscopy (SEM) has also been employed 
to give visual comparisons of the coated and uncoated surfaces (Campbell et al, 
1992; Dudley et al, 1993). The quantitative results obtained by a combined study of 
spectroscopic ellipsometry and neutron reflection will help us to understand the 
effectiveness of PC 100 A in reducing protein adsorption.
Since PC groups are strongly hydrophilic, their hydration may lead to the
i
swelling of the coated film. We will, therefore, characterise the possible swelling of 
the films first before their interaction with model proteins is examined.
5. 1
5.2 The Swelling and Stability of PC100A Films Coated on 
S i0 2
As the structure studies and protein adsorption properties were all to be 
carried out at the solid-water interface, the behaviour of PC 100A films in solution 
were carefully monitored over a number of hours. This was necessary in order to 
establish any swelling and the point of equilibrium of the layers with solution, and 
also to check the stability of the layers once immersed in solution.
Initially, spectroscopic ellipsometry scans, which can be repeated at a rate of 
one scan every two minutes, were used to monitor PC 100A layers over a number of 
hours in water. Figure 5.1 compares the elliptical profiles, in terms of \j/ and A 
plotted against X, measured from such a PC 100A layer in water two minutes after 
immersion and sixteen hours later. There are no observable differences between the 
profiles. In fact no difference was detected between any of the measurements taken 
within minutes or hours after immersion. The results do show that the layer is stable 
in solution and remains intact for many hours.
Neutron reflection is less effective at following swelling over the first thirty 
minutes because of the alignment procedure. However, these measurements can be 
used to monitor long-term swelling and the stability of the film and serve to verify 
the ellipsometry results outlined above. Figure 5.2 shows the initial reflection profile 
measured from the PCIOOA-D2O interface, after about 2 hours in solution, compared 
with that measured after 15 hours. No change with time was detected, an observation 
consistent with the ellipsometric results. These results altogether show that the film 
is stable and that any swelling must occur within the first two minutes of the 
exposure of the film to water.
An alternative but more effective way of monitoring the dynamic process is 
to perform ellipsometry measurements at a single wavelength. Under this condition, 
an ellipsometric scan can be done within 10 seconds, instead of some 2 minutes. It 
should be noted, however, that such measurements have low precision although they 
are useful for monitoring the kinetic changes. Figure 5.3 shows such a dynamic scan 
performed at 400nm. Data acquisition was started when the cell contained only air 
above the sample. The water was then poured into the cell. The sharp drops in \|/ and 
A indicate the point at which the medium was changed from air to water. After water
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addition, \j/ and A do not change and remain constant for the rest of the experiment. 
This indicates that any change in the layer due to water penetration must be within 
the first 10 seconds. Other wavelengths over the most sensitive range of 400-5OOnm 
were also used but all scans indicated no change in either \|/ or A.
Polymers containing hydrophilic groups tend to solubilize water. Any 
polymer solubilising more than 30% water is usually termed a hydrogel in the 
literature (Guven et al, 1991; Karadag et al, 1996; Peppas, 1993). As PC groups 
have a strong affinity to water and there is some 30% of PC groups in PC100A 
(mole fraction) there must be a large volume fraction of water solubilised into the 
film. While the exact composition of the film will be discussed in the next section it 
is worthwhile to point out here that, for such a thin film, the solubilisation of water 
and the subsequent structural arrangement must have occurred within a few seconds. 
Although this work does not deal with the swelling behaviour, it can be said that in a 
separate project we have found that the time-scale for the swelling of such thin films 
is dominated by the thickness of the dry films. The dynamic process will occur in the 
time-scale of minutes and hours if the films are in the order of thousands of 
angstroms and will therefore be easily measurable.
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Figure 5.1 A comparison of the plots of \]/ and A as a function of X at the PC100A 
polymer coated solid-water interface, measured 2 minutes (o) and 16 hours (A) after 
addition of water to the cell. The solid lines are the calculated model fits, assuming a 
polymer film of 55 ± 5 A with n = 1.50. The measurements were made at the incidence 
angle of 75° with respect to the surface normal and at 25°C.
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Figure 5.2 A comparison of the neutron reflectivities measured from the PC100A 
polymer coated SiC>2-D20  interface two hours (+) and fifteen hours (A) after addition of 
water to the cell.
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Figure 5.3 A dynamic scan of a PCI00A layer immersed in pure water. The data 
were collected at 400nm, for a duration of approximately thirty minutes after adding 
water to the cell. The immediate changes in \]/ and A, indicated by the arrows, is the 
point at which the medium was changed from air to water. No changes in \]/ or A are 
indicated.
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Figure 5.4 Plots of \\/ and A as a function of X at the PC100A polymer coated solid-water 
interface (o). The solid lines are the calculated model fits, assuming a polymer film of 75 
± 5 A with n = 1.425 (ie. (j)w = 0.40). The measurements were made at the incidence angle 
of 75° with respect to the surface normal and at 25°C.
5.3 The Structure of PC100A Films at the Solid-Water 
Interface
Using ellipsometry, quantitative information about the thickness of the 
PC100A polymer film can be obtained by model fitting of the profiles measured at 
the solid-liquid interface. It should be noted that the refractive index (n) for a 
polymer layer is related to its composition in terms of the volume fraction of water 
(<DW) and polymer (Op) as shown in equation 5.1. This has previously been presented 
in Chapter 2:
n — ftyvfiw 5.1
Where nw is the refractive index of water and np is the refractive index of dry 
polymer. However, in this work with thin films, the extent of information that can be 
derived from this equation is limited. This is largely because of the characteristic 
problem of the correlation between thickness and refractive index in thin layers 
(folly discussed in Chapter 2). Basically, if thickness increases and the refractive 
index reduces due to an increased water content, then the overall result will be very 
little change in the elliptical profiles. Figure 5.4 illustrates this point and shows that 
if, for example, the layer is assumed to contain 40% water, that is n=1.425, and have 
a thickness of 75A, then the fit to the profile measured in water is as good as the fit 
of the model of 55A with n=l .50, previously shown in Figure 5.1. Therefore, the fact 
that no swelling is observed could be a combined result of the fact that it is so fast 
for a thin layer and also because of the insensitivity of ellipsometry to combined 
changes of thickness and refractive index in such thin layers.
Therefore, the information and conclusions that can be drawn from this 
technique alone are limited. With the ellipsometry results alone, the two parameters 
cannot be reliably disentangled. Further information is needed about the thickness or 
the refractive index after water penetration into the layer. Even so it must be 
accepted that ellipsometry is not sensitive to the structural distribution of the layer or 
changes in refractive index along the surface normal direction and will only give an 
idea of the average dimensions of the surface. However, neutron reflection can 
instead be used to provide more detailed information about the thickness and volume 
fraction of water in the layer because it allows the decoupling of the two parameters.
5. 8
Neutron reflectivity profiles were measured under the three different water 
contrasts: D20, CM4 (p = 4.00 x 10'6 A'2) and CMSi (p = 2.07 x 10'6 A‘2), and the 
resultant reflectivity profiles are shown in Figure 5.5. The use of different contrasts, 
to vary the scattering length density of the solution in which the layer is immersed, 
serves to highlight the interfacial composition differently. Obviously, such an option 
does not exist in ellipsometry. The straightforward procedure for fitting these 
reflectivity profiles is to use uniform monolayer models similar to that described 
from ellipsometry measurements, allowing for an appropriate variation in water 
contrast. The dashed line in Figure 5.6 is the calculated reflectivity profile in D20  
using a thickness of 55A for the polymer layer, as obtained from the ellipsometric 
measurements. The mismatch between the measured and calculated curves shows 
that the actual distribution of the polymer layer cannot be modelled into a single 
uniform layer. A two-layer model was then tested with the inner layer rich in 
polymer and the outer layer lean in polymer. It was found that a two-layer model 
could not fit the measured profile without incorporating roughness between the 
interfaces, particularly at the outer surface of the polymer film. A three-layer model 
was subsequently proposed: the dense inner layer has a small amount of water 
penetration, the middle layer has about twice as much water penetration and the very 
diffuse outer layer contains a large fraction of water. This model fits to the profiles 
measured under all three contrasts and the best fits are shown in Figure 5.5 as the 
continuous lines. These were calculated assuming the inner layer to be 30 ± 3 A 
thick with 19% water, the middle layer to be 20 ± 3 A with 44% water, and the outer 
layer to be 25 ± 5 A thick with approximately 86% water. The volume fraction 
distributions for this polymer film are displayed in Figure 5.7. The main feature of 
this fitting is that it shows that the unsymmetrical mixing of water into the PC 100 A 
layer is substantial. The results confirm that PC 100A films are heavily hydrated and, 
talcing into account the percentage water present in each individual layer and the 
thickness of each of those layers, the total overall water content is in the order of 
50%. This figure is entirely consistent with the expectation considering that a PC 
polymer is a hydrogel (Guven et al, 1991; Wichterle et al, 1960).
A comparison of the results from the two experimental techniques does 
appear to suggest that the outer polymer layer has largely been neglected in the 
ellipsometric measurement. This is likely to be caused by the heavy mixing of water
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into the outer polymer layer resulting in a refractive index very close to that of pure 
water. In contrast, the use of D20  in neutron reflection helps to highlight the 
boundary region between the polymer film and water, providing more reliable 
information about the uneven distribution of the outer polymer surface. It is this 
problem, combined with the limitations of the ellipsometry in probing thin layers, ie. 
the correlation between thickness and refractive index, that means the thin polymer 
layer cannot be realistically described by ellipsometry alone. It is, however, 
interesting to use the more detailed model derived from neutron reflection to return 
to fit the elliptical profiles. For example, Figure 5.8 shows that if the three-layer 
model from neutron reflection is converted into elliptical profiles, it fits very well to 
the data. Equation 5.1 was used to calculate the corresponding refractive indices 
from the known volume fractions of water for each layer. Thus, this model is 
composed of: an inner layer of 30 A with a refractive index of 1.46, a middle layer of 
thickness 20 A with a refractive index of 1.42 and an outer layer of 25 A with a 
refractive index of 1.34. Therefore, the measured ellipsometry profiles for such a 
thin PC 100A polymer film will fit to a number of models. However, it should be 
noted that each of the ellipsometry models has its own meaning. For example, the 
single layer simply represents the average composition of the film. As with protein 
surface excess, ellipsometry is sensitive to the overall amount but not the detailed 
structure at the interface.
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Figure 5.5 Neutron reflection profiles measured from the PC100A polymer coated 
solid-D20 (+), CM4 (A) and CMSi (□) interfaces. The continuous lines are the 
calculated three-layer model best fits. The model was calculated assuming an inner 
layer of 30 ± 3 A with 19% water, a middle layer of 20 + 3 A with 44% water and a 
diffuse outer layer of 25 ± 5 A containing approximately 86% water.
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Figure 5.6 Neutron reflectivity measured from the PC100A polymer coated solid- 
D20  (+) interface. The dotted reflectivity profile is the calculated fit assuming the 
uniform layer model of 55A obtained from fitting to the ellipsometric data at the 
same interface.
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Figure 5.7 The polymer volume fraction distribution in a PC 100A film after 
immersion in water. This data was obtained from the three-layer model fitting to the 
neutron reflection data measured at the solid-water interface.
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Figure 5.8 Plots of and A as a function of X at the PC100A polymer coated solid- 
water interface. The solid line is the calculated model fits, assuming the neutron 
three layer model. That is an inner layer of 30 A with 20% water, a middle layer of 
20 A with 45% water and a diffuse outer layer of 25 A containing approximately 
85% water. The measurements were made at the incidence angle of 75° with respect 
to the surface normal and at 25°C.
5.14
5.4 Protein Adsorption at the PC100A Solid-Water 
Interface
All measurements in this section were made once the PC 100A coated surface 
had been allowed to equilibrate with the appropriate solutions. It has already been 
shown that swelling of these ultra thin films is fast. However, in all cases, thirty 
minutes of equilibration was allowed before any protein solutions were added. Any 
possible difference in swelling behaviour between buffer and pure water was also 
checked by both ellipsometry and neutron reflection first. No difference in the 
thickness or structure of the films was found after the addition of these low ionic 
strength buffers.
The time effect with protein adsorption has already been discussed in Chapter 
4 and was checked again here. As before, a small effect was only seen over the first 
few minutes but no long-term changes were observed. In all cases the final 
measurements were taken after forty minutes equilibration in protein solution. 
Incidentally, these time limits largely apply to ellipsometry measurements where 
data is obtainable immediately.
A) Neutron Measurements
The adsorption of lysozyme onto the polymer surface at varying 
concentrations was measured in the buffered D20  at pH7, and the reflectivity 
profiles are shown in Figure 5.9. The extent of adsorption can be visualised by 
comparing the reflectivity profiles in the presence of lysozyme with that in the 
buffered D20. It should be noted that, for the purpose of clarity, a smaller 
momentum transfer range is shown here than previously with non-bio compatible 
surfaces in Chapter 4. This serves to highlight the regions in which there are most 
changes after protein adsorption and shows that, even though small, there are indeed 
differences. At 1 gdm'3, the reflectivity changes very little from that of pure D20, 
suggesting that there is very little adsorption. The surface excess was found to be 
only 0.7 ± 0.2 mgm'2. The amount of lysozyme adsorption at 4 gdm'3 was also 
obtained by fitting a non-uniform layer model to the measured reflectivity profile. 
The total surface excess at this high bulk concentration was found to be 1.9 ± 0.2 
mgm*2. The thickness of the layer was found to be 50 ± 10 A, which is greater than
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the long axial length of lysozyme. In addition to this, there was a very low-density 
outer lysozyme layer of 35 ± 10 A. The fitting also indicates that there was some 
lysozyme penetration into the outer diffuse polymer surface, as its scattering length 
density had decreased slightly from that at the polymer-water interface. Figure 5.10 
summarises these findings and shows the volume fraction distributions of the 
PC 100A film and the lysozyme layer adsorbed at the surface at 4 gdm'3. The 
presence of lysozyme in all these layers was taken into account when calculating the 
surface excess quoted above. The broadening of the distribution of the protein layer 
is clearly caused by the diffuse outer surface of the polymer film. A roughness of 15 
± 5 A was required for both the polymer-lysozyme interface and the outer lysozyme- 
water interface. The broadening of the distribution of the layer and the roughness are 
both clearly a result of the diffuseness of the outer polymer surface, into which the 
protein can penetrate.
Adsorption of BSA onto the polymer surface at pH5 was also studied by 
neutron reflection. Figure 5.11 shows the adsorption of BSA at 0.05 and 2 gdm'3 
compared with the reflectivity from the buffered D20. The level of BSA adsorption 
can be visualised by the small gaps between the reflectivity profiles. The adsorption 
at 0.05 gdm'3 shows a reflectivity profile very close to that from the solid-D20  
interface, indicating a very low adsorption. The surface excess was indeed 
determined to be only 0.5 ± 0.2 mgm"2. The surface excess at 2 gdm"3 was calculated 
to be 1.2 ± 0.2 mgm'2 and the thickness of the inner BSA layer was found to be 50 ± 
10 A. In addition, there was a low-density outer layer of 30 ± 10 A. Figure 5.12 
illustrates the volume fraction distributions of the PC100A layer and the BSA layer 
adsorbed at the surface at 2 gdm'3. A roughness of 15 ± 5 A was again needed for 
both layers. It has been shown previously that at such a low surface excess, the 
adsorption of BSA leads to the formation of a sideways on monolayer of 
approximately 30 A on the bare silicon oxide surface (Su et al, 1998c). The 
increased thickness and roughness of the layer at the hydrogel surface is again likely 
to be a consequence of the diffuse outer surface of the polymer film.
Fibrinogen adsorption at pH7 has also been measured. Figure 5.13 shows the 
reflectivity profile at 1 gdm'3 compared with that measured in buffered D20. The 
very small gap between the profiles shows that the extent of adsorption is very small. 
The surface excess was calculated to be 0.7 ± 0.2 mgm'2. It should be noted that the
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profile measured at 0.1 gdm'3 is not shown for clarity because it is virtually identical 
to that measured at 1 gdm'3 and interestingly the surface excess is the same within 
error, that is 0.6 ± 0.2 mgm'2. The adsorbed protein layer was again very broad and 
the best fitted layer is 100 ± 10 A thick. The volume fraction of the protein within 
the layer is hence less than 5%. Figure 5.14 shows the volume fraction distribution 
of the PC 100A layer and the fibrinogen layer adsorbed at the surface at 1 gdm"3.
A summary of the surface excess values for protein adsorption at the 
PC 100A polymer-water interface measured by neutron reflection are shown in Table 
5.1, along with the ellipsometry results which will be discussed next.
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Momentum Transfer/A' 1
Figure 5.9 Neutron reflectivity measured from the PC100A solid-D20  interface 
before (dashed line) and after adsorption of lysozyme onto the surface at 1 gdm"3 (+) 
and 4 gdm'3 (O) at pH7. The continuous lines through the measured reflectivities are 
the fits to the profiles, giving surface excesses of 0.7 ± 0.2 mgm'2 and 1.9 ± 0.2 mgm'2 
respectively.
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Figure 5.10 The volume fraction distributions for the PC 100A polymer film (solid 
line) and the lysozyme layer adsorbed at the surface at 4 gdm'3 at pH7 (dashed line).
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Momentum Transfer/A"1
Figure 5.11 Neutron reflectivity measured from the PC100A solid-D20  interface 
before (dashed line) and after adsorption of BSA onto the surface at 0.05 gdm'3 (+) 
and 2 gdm'3 (O) at pH5. The continuous lines through the measured reflectivities are 
the fits to the profiles, giving surface excesses of 0.5 ± 0.2 mgm'2 and 1.2 ± 0.2 mgm'2 
respectively.
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Figure 5.12 The volume fraction distributions for the PC 100A polymer film (solid line) 
and the BSA layer adsorbed at the surface at 2 gdm'3 at pH5 (dashed line).
Momentum Transfer/A"1
Figure 5.13 Neutron reflectivity measured from the PC100A solid-D20  interface 
before (dashed line) and after adsorption of fibrinogen onto the surface at 1 gdm’3 (O) 
at pH7. The continuous line through the measured reflectivity is the fit to the profile 
giving a surface excess of 0.7 ± 0.2 mgm'2.
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Figure 5.14 The volume fraction distributions for the PC100A polymer film (solid line) 
and the fibrinogen layer adsorbed at the surface at 1 gdm"3 at pH7 (dashed line).
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B) Ellipsometry Measurements
The level of protein adsorption on the PC100A surface was also measured 
using ellipsometry. Figure 5.15 shows the adsorption of lysozyme at pH7 onto the 
coated polymer surface at the bulk concentration of 4 gdm'3 and the results are 
presented in terms of \j/ and A versus X. It should be noted that adsorption was also 
measured at 1 gdm'3 but, as there was no significant change in the profile from that 
in pure buffer, the curve was not shown for clarity. The surface excess at this low 
concentration must be within the range of error and must, therefore, be less than 0.3 
mgm'2. It can be seen from Figure 5.15 that the adsorption from 4 gdm'3 lysozyme 
results in a slight increase in \|/ and A from those corresponding to the pure buffered 
water. Model fitting was made by assuming the structural profiles for the polymer 
layer were the same as before protein adsorption. To reduce the coupling effect 
between thickness and refractive index, the thickness of the lysozyme layer was 
taken to be the same as that for the main layer already determined by neutron 
reflection at the PC 100A interface. For example, if the lysozyme layer was taken to 
be 50 A thick at 4 gdm'3, the refractive index at 430nm was fitted to be 1.365 and the 
calculated surface excess was 1.3 ± 0.4 mgm'2. It is interesting to comment that, as 
has always been the case with all the ellipsometry results reported so far, the 
thickness of the layer could be varied and the refractive index fitted would change 
with it but the product of the two would always result in the same calculated surface 
excess within error. Indeed, the surface excess value of 1.3 ± 0.4 mgm'2 agrees very 
well with that of 1.9 ± 0.2 mgm'2, reported from the parallel neutron reflection 
results.
The adsorption of BSA at pH5 to the PC100A surface was also measured by 
ellipsometry. At 0.05 gdm'3 the reflectivity profile did not show much change from 
that of buffered water, indicating negligible adsorption. Figure 5.16 shows the 
adsorption of BSA at the PC 100A surface at a bulk concentration of 2 gdm'3 and as 
can be seen, the profiles did change by a small amount. If the BSA layer was taken 
to be 50A thick, the same as the main layer fitted in the modelling of the neutron 
reflection results, the refractive index at 430nm was fitted to be 1.355. The amount 
of adsorbed BSA was then calculated to be 1.0 ± 0.4 mgm'2. Again this agrees well 
with the value of 1.2 ± 0.2 mgm"2 obtained from the parallel neutron measurements.
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Figure 5.17 shows the adsorption of fibrinogen at pH7 at the PC100A surface 
at the bulk concentration of 1 gdm'3. The difference from the profile measured in 
buffered water is very small, indicating that the surface excess is low. Indeed if the 
thickness of the fibrinogen layer was fixed at 100 A, the same as that obtained from 
the neutron results, the refractive index was fitted to 1.333 and the surface excess 
was 0.7 ± 0.4 mgm'2. It should be noted that adsorption at 0.1 gdm'3 was also 
measured but, as the profile obtained is within error identical to that at 1 gdm"3, it is 
not shown. The surface excess at 0.1 gdm'3 was calculated to be 0.7 ± 0.4 mgm'2. 
The surface excess is very low, but no concentration effect is seen in the case of 
fibrinogen. These values agree well with those obtained from the neutron reflection 
results previously, as shown in Table 5.1.
Table 5.1 Surface excesses for the adsorption of proteins at the PC100A solid-water 
interface
Protein C/ gdm'3 PH T ± 0.4 /mgm'2 
(ellipsometry)
T ± 0.2 /mgm"2 
(neutrons)
Lysozyme 1 7 0.3 0.7
4 7 1.3 1.9
BSA 0.05 5 0.3 0.5
2 5 1.0 1.2
Fibrinogen 0.1 7 0.7 0.6
1 7 0.7 0.7
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Figure 5.15 Plots of \|/ and A as a function of X at the PC100A solid-liquid interface 
after the adsorption of lysozyme onto the surface at 4 gdm'3 (□) at pH7. The solid 
lines are the calculated model fits. From the fitting, the surface excess calculated is 
1.3 + 0.4 mgm'2. The profiles obtained at the PC 100A solid-buffer interface are shown 
for comparison (o). The measurements were made at the incidence angle of 75° with 
respect to the surface normal and at 25°C.
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Figure 5.16 Plots of \]/ and A as a function of X at the PC 100A solid-liquid interface 
after the adsorption of BSA onto the surface at 2 gdm'3 (□) at pH5. The solid lines are 
the calculated model fits. From the fitting, the surface excess calculated is 1.0 ± 0.4 
mgm'2. The profiles obtained at the PC100A solid-buffer interface are shown for 
comparison (o). The measurements were made at the incidence angle of 75° with 
respect to the surface normal and at 25°C.
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Figure 5.17 Plots of \|/ and A as a function of X at the PC 100A solid-liquid interface 
after the adsorption of fibrinogen onto the surface at 1 gdm'3 (□) at pH7. The solid 
lines are the calculated model fits. From the fitting, the surface excess calculated is 
0.7 + 0.4 mgm'2. The profiles obtained at the PC100A solid-buffer interface are shown 
for comparison (o). The measurements were made at the incidence angle of 75° with 
respect to the surface normal and at 25°C.
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The extent of reduction in the adsorption of each of the proteins at the 
PC100A polymer coated surface can only be realised when a direct comparison is 
made with the surface excess values measured at different solid-water interfaces. The 
surface excess values for the PC100A surface are significantly lower than for the 
hydrophilic silicon oxide surface (Table 4.1). In particular, the surface excesses at 
low bulk concentrations of protein are very small. For example, for lysozyme at 1 
gdm'3 and BSA at 0.05 gdm'3, adsorption is reduced five fold. Furthermore, 
fibrinogen adsorption at 0.1. gdm"3 is reduced at least seven fold. The effectiveness 
of the resistance of PC 100A to adsorption is not quite so significant at the higher 
bulk concentrations of lysozyme and BSA: at 4 gdm'3 lysozyme and 2 gdm"3 BSA a 
two to three fold reduction in adsorption is observed. For fibrinogen, however, no 
further increase in surface excess is seen when the concentration is raised to 1 gdm'3, 
an eight fold reduction for this very surface active protein.
Similarly, the surface excess for each of the proteins is greatly reduced when 
compared with adsorption at the OTS interface (Table 4.2). As the surface excess on 
OTS is very similar to that for the bare Si02, the extent of reduction is the same. In 
theory, an OTS surface is structurally similar to the PC100A surface without the PC 
groups, showing the importance of their presence in reducing protein adsorption. 
This point will be further discussed in more detail later.
A PMMA coated Si02 surface showed some reduction in protein surface 
excess compared with the bare and OTS coated surfaces, especially at high bulk 
concentrations of the proteins (Table 4.3). However, the extent of reduction is not as 
large as that observed for PC 100A, and this polymer is effective in reducing 
adsorption over the whole range of concentrations. Both lysozyme and BSA 
adsorption at the higher bulk concentrations are at least halved again from the 
PMMA surface. PMMA demonstrated a particular effectiveness in reducing 
fibrinogen adsorption by nearly 50% compared with the bare Si02 surface. However, 
at the PC 100A surface this is over four fold less than on PMMA.
Adsorption on the model surfaces Si02 and OTS tends to suggest that as the 
size and flexibility of the protein increases, the amount of protein adsorbed under a 
given solution condition also increases. However, as far as the PC polymer is 
concerned and PMMA to some extent, the opposite trend holds, suggesting that PC 
surfaces are more effective at deterring the adsorption of large fibrous proteins.
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It is interesting to note that apart from the weak negative charges on the 
surface of SiC>2, the model surfaces represent a wide range of hydrophobicity. The 
advancing contact angle for a PC100A coated surface was found to be 80° ±5°. 
Therefore, the extent of variation in surface excess does not show any obvious 
correlation with the surface hydrophobicity.
The PC100A polymer contains pendant dodecyl chains and the PC head 
groups which have a certain flexibility within the polymer film. On the outer surface, 
the two groups might have the same composition as its bulk if the physical and 
chemical constraints to the motion of the fragments prevail. When immersed in 
water, the hydration of the PC groups may preferentially expose the PC groups 
towards the outer surface. Although neutron reflection can offer the volume fraction 
distributions of the PC polymer across the interface, it cannot reveal the chemical 
composition for the outer surface region in this work as the polymer is fully 
hydrogenated. Since the contact angle is rather high, it can be assumed that it is the 
dodecyl chains that are enriched at the outer surface. The PC groups must undergo 
some rearrangement in solution, otherwise the surface would be largely hydrophobic 
and it is likely that proteins adsorbed at the surface would be denatured. The results, 
however, suggest that the structure of the proteins is retained because it is possible to 
clean the surface using cationic surfactants (see section 5.3.5).
A number of studies have been made in the literature on lysozyme adsorption 
on different substrates. Lysozyme adsorption on mica was determined by 
ellipsometry and XPS (Blomberg et al, 1994; Claesson et al, 1995) and the surface 
excess was found to be between 4 and 5 mgm'2 when the bulk lysozyme 
concentration was below 1 gdm'3, indicating that the surface excess on mica is even 
higher than on the hydrophilic Si02. Measurements have also been made on the 
adsorption of lysozyme onto various polymer-water interfaces in the form of flat 
interfaces or particulate dispersions. For example, lysozyme adsorption onto neutral 
and charged polystyrene particles has been studied by Haynes et al (1995) and Fair 
et al (1980). The surface excess was found to be between 2 and 3 mgm'2 at a 
lysozyme concentration around 1 gdm'3. Similar studies have been made on the 
adsorption of BSA onto different substrates (Blomberg et al, 1994; Claesson et al, 
1995; Haynes et al, 1995; Fair et al, 1980), and the surface excess was typically 
found to be between 2 and 3 mgm"2 over a wide pH and concentration range.
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Fibrinogen adsorption has also been studied on polystyrene and polyethylene at 1 
gdm'3 and the surface excess values have been found to be 5.5 mgm'2 and 4 mgm*2 
respectively (Rapoza et al, 1990).
As the results described above clearly show that hydrophobic surfaces induce 
strong protein deposition, the reduced adsorption after PC polymer coating tends to 
suggest that the outer polymer surface is covered by PC groups, instead of the 
dodecyl chains and polymeric backbones. This also implies the formation of a 
lamellar structure inside the coated film with the hydrophobic fragments buried in 
the middle. Although detailed structure within the coated layer can be probed by 
neutron reflection, with the help of deuterium labelling to thje polymer, such 
information was inaccessible in this case with only fully hydrogenated polymer 
available. The preferential segregation of the fragments within the film might be 
aided during the annealing procedure when the coated surface was heated to 160°C, 
approximately 30°C above the melting point for the dry polymer. Further 
information about the presence of a PC layer on the outer surface can be gained by 
comparing our results with the adsorption of proteins onto phospholipids.
The adsorption of several model proteins onto PC-containing phospholipid 
surfaces has recently been studied by Malmsten (1994b and 1995) using 
ellipsometry. Phospholipid molecules were coated onto the bare hydrophilic and 
methylated silicon oxide surfaces using Langmuir-Blodgett deposition. The coating 
procedure was designed such that the PC headgroups would end up on the outer film 
surface. The extent of reduction in surface excess for the globular proteins adsorbed 
onto the phospholipid coated surfaces is broadly consistent with what has been 
observed at the PC polymer-solution interface. For example, the residual amount of 
immunoglobulin (IgG) adsorbed on the PC phospholipid coated surface was found to 
be 0.2 mgm"2 at 0.1 gdm*3 at pH7, as compared with 1 mgm"2 at the hydrophilic 
Si02-water interface under the same solution conditions The extent of reduction is 
very much comparable to what was observed at the polymer-water interface. 
Furthermore, Malmsten has examined the possible differences in the method of 
surface layer deposition by performing parallel measurements using spin-coated 
phospholipid substrates. No observable difference in the amount of protein adsorbed 
was detected, suggesting that upon formation of the phospholipid layer, PC groups 
were preferentially expressed at the outer surface.
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The quality of packing of the outer PC layer will affect the residual amount 
of protein adsorbed, and this will in return be affected by the structure of the film. A 
smooth outer surface on the polymer film can enable the formation of a well-packed 
PC layer, leaving no gaps or voids for the exposure of hydrophobic fragments. The 
chemical structure of the polymer has a significant effect on the formation of the thin 
film and much has been discussed by Iwasaki et al (1996) and Hayward et al (1984 
and 1986) in terms of the spacer length under the PC headgroups and the ratio of the 
hydrophobic and hydrophilic moieties within the polymer. Although discussion on 
the synthesis of polymers is beyond the scope of this work, it is useful to point out 
that, for a given polymer and solid substrate, the smoothness of the outer surface on 
the polymer film can be significantly improved by tuning the coating conditions 
(Chapter 3, Murphy et al, 1999a). That there is a measurable amount of protein 
adsorbed at high protein concentrations may indicate that some defects still exist on 
the outer surface. This is consistent with the outer surface being very diffuse. The 
uneven structure is likely to deteriorate the packing of the outer PC polymer layer. 
However, because the residual amount of protein is comparable to that obtained at 
the phospholipid coated surfaces, it can be said that the PC polymer surface is at 
least as effective as the phospholipid coated ones.
Electrostatic attraction and hydrophobic interactions are the two major 
driving forces causing surface adsorption in many cases. The occurrence of a large 
surface excess is usually associated with the existence of at least one of the two, as 
can be seen from the results described previously on the adsorption onto different 
solid substrates. In a simulation study on the interaction of globular protein with a 
charged solid substrate, Roth and Lenhoff (1993) demonstrated that, even when the 
charge density on the solid substrate is very low, the magnitude of electrostatic force 
is still much greater than the contribution from the Van der Waals force. This is even 
so in the case of BSA adsorption onto the hydrophilic silicon oxide at pH5. Although 
under this pH the net charge of BSA is close to zero, the local positive charges on 
BSA will drive the molecule to the weakly negatively charged oxide, leading to a 
large surface excess. In the case of a zwitterionic interface, little direct experimental 
information is available on its interaction with protein, but a close look at the 
packing of PC headgroups may help to understand the reason why a PC surface 
strongly deters protein deposition.
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The structural conformation of zwitterionic PC groups in a bilayer membrane 
has been determined by neutron scattering and X-ray crystallography (Buldt et al, 
1980; Pearson et al, 1979). The PC head group conformation, in terms of the vector 
directed from the phosphorus atom to the nitrogen (denoted by PN), was found to 
stay parallel or almost parallel to the average plane of the bilayer. The projection of 
the PC headgroup onto the surface normal was about 5 A. The orientations of the PN 
vectors were heavily tilted, making angles of approximately 15-30° with respect to 
the plane of the bilayer. This observation was recently confirmed by the simulation 
work of Granfeldt et al (1991), which again shows that the PC dipole is 
predominantly oriented almost parallel to the anchored plane, as a result of 
intermolecular electrostatic interactions between the positive N-methyl groups, and 
the negative phosphates of neighbouring molecules in the same surface plane. 
Furthermore, neutron scattering work on phospholipid bilayer membranes tends to 
indicate that upon a change in system conditions, eg. temperature, the structure of the 
hydrocarbon chains varies significantly while that for the PC headgroups changes 
very little. This again reinforces the suggestion that PC groups have a strong 
tendency to form a closely packed monolayer, as a result of electrostatic attraction 
between the adjacent PC groups within the layer. From a simple geometric argument, 
the almost parallel orientation of PC groups also helps to bring the oppositely 
charged groups close to each other, thus making the neutralisation almost complete. 
This is in sharp contrast with the charge distribution on the surface of a globular 
protein, where the globular framework keeps the opposite charges apart. The 
attractive force for the adsorption of protein onto the zwitterionic surface is, 
therefore, of van der Waals origin, arising mainly from the dispersion force and 
dipole-dipole interaction.
The repulsive force between the surface and protein molecules may be 
related to the strong hydration of the PC headgroups, which creates a steric barrier 
prohibiting protein deposition. The strong hydration of PC groups has been 
supported by the simulation work of Sheng et al (1995) who have shown the heavy, 
nonrandom association of H2O molecules with PC. It should be remembered, 
however, that the hydrophilic SiC>2 surface is also heavily hydrated but it induces a 
strong adsorption of proteins. Thus surface hydration may be an important factor but 
it does not explain why the PC surface is so effective at deterring protein deposition.
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The requirement of a well-packed hydrophilic layer for reducing protein adsorption 
has been emphasised by Jeon et al (1991) in their recent theoretical work on the 
interpretation of the interaction between a poly (ethylene glycol) grafted surface and 
protein molecules. They studied the effect of chain length on its ability in reducing 
protein adsorption and concluded that the effectiveness is rendered by the combined 
effect of the packing density of the ethoxylate groups and the entropy created by the 
flexibility of the chain groups. Thus, the longer the ethoxylate chain, the better its 
effectiveness in the reduction of protein adsorption. In view of the structural 
configuration of PC 100A, the presence of a methacrylate backbone and dodecyl 
chain creates a strong hydrophobic environment inside the polymer layer. The outer 
PC layer must therefore be anchored to the methacrylate backbone with some degree 
of flexibility. In comparison with Si02, this type of flexibility might play a role in 
reducing adsorption. The suggestion of mobility of PC groups has also been 
supported by the recent work of Ruiz et al (1998) who have shown that, upon 
exposure to different conditions, the PC groups on the surface region of the polymer 
can undertake reorganisation so that the surface energy is minimised. Thus, when 
exposed to an apolar environment, the PC groups are relatively hidden, but upon 
exposure to a polar condition, the PC groups are preferentially expressed on the 
outermost surface.
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5.5 The Adsorption of HSA from Blood Plasma to the 
PC100A Coated Surface: Detection Using an ELISA 
Test
As already discussed, PC100A coated surfaces have previously been assessed 
mainly using standard in vitro adsorption tests such as enzyme linked immunoassays 
(ELISA). These tests detect the presence of proteins on a surface and can provide 
estimates of any reduction in adsorption. Although the neutron reflection and 
ellipsometry results presented above are very quantitative, assay tests are so widely 
used that it is worthwhile to gather a set of results for qualitative comparison. 
Furthermore, as the ELISA test uses blood plasma as the source of HSA, it shows 
that these samples are also biocompatible in a mixed protein solution.
Both bare silicon oxide and PC 100A coated silicon oxide samples were 
incubated with the blood plasma and then the ELISA test was performed to detect 
bound HSA. The mean absorbance at 450nm was recorded for each sample. Figure 
5.18 compares the absorbance readings and from the bar chart it is possible to 
visualise the extent of reduction in HSA binding. If the absorbance at bare Si02 is 
taken to be 100%, then the percentage reduction in protein adsorption at the PC 100A 
surface, relative to the uncoated, is 89%. This indicates a significant reduction after 
PC 100A coating, supporting the results obtained from neutron reflection and 
ellipsometry. The bulk concentrations of protein are obviously different but the 
results agree in trend that there is some five fold reduction in protein adsorption.
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Figure 5.18 Coating of PC100A polymer onto a silicon oxide surface results in a 
significant reduction in HSA adsorption from blood plasma. The absorbance 
measured at 450nm indicates the relative amount of adsorption, detected by an 
ELISA test.
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5.6 Surfactant Cleaning of PC100A Coated Silicon Oxide 
Surfaces After Protein Adsorption
Particularly with neutron reflection, it was necessary to find out if it was 
possible to clean the PC100A surfaces after each protein adsorption study, so the 
same surface could be regenerated and reused for other proteins in the ongoing 
experiment. Initially, the reversibility of the adsorption at the PC 100A polymer 
surface was examined by rinsing the polymer surface with buffered D20. It was 
found that a large fraction of the adsorbed protein was still left after rinsing, 
suggesting that adsorption is irreversible with respect to protein concentration. As 
discussed in Chapter 4, a similar trend was observed at the hydrophilic Si02 surface 
where the surface excess was greater under the same bulk concentration of protein 
(Su et al, 1998a). The preadsorbed surface was subsequently rinsed with 20 mM 
dodecyltrimethylammonium bromide (C12TAB), which is above its critical micellar 
concentration (cmc = 14 mM). Following this rinsing, the neutron reflectivity 
measurement in the buffered D20  returned to the D20  profile obtained before protein 
adsorption was started, suggesting that the adsorbed protein was completely 
removed. Figure 5.19 shows the comparison of the reflectivity profiles measured in 
buffered D20  before exposure to protein and after rinsing with C12TAB following 
the lysozyme adsorption experiment. The profile measured in 4 gdm'3 lysozyme is 
also shown for comparison. These results demonstrate that all the adsorbed lysozyme 
is removed from the PC100A surface. The cationic surfactant C12TAB was found to 
be effective for cleaning off all the proteins studied.
Parallel results were obtained when this experiment was repeated using 
ellipsometry. Figure 5.20 compares the profiles of \]/ and A plotted as a function of X 
measured in pure buffer before any lysozyme adsorption, after adsorption of 
lysozyme at 4gdm'3 and after rinsing with C12TAB. Again the profile returns to the 
original, suggesting that all lysozyme has been effectively rinsed off.
The nonionic surfactant C12E5 (Ci2H25(CH2CH20)cOH) was also tested for its 
effectiveness in removing adsorbed protein. Figure 5.21 shows that the lysozyme 
layer adsorbed at 4 gdm"3 remains on the surface after rinsing.
These observations indicate that the cationic surfactant, C12TAB, is effective 
at cleaning the fouled PC100A polymer surface. Furthermore, the structure of the
5.37
polymer film has remained intact during the whole period of the experiment. This 
result is of direct relevance to the processing of the thin polymer films in many 
practical applications. The removal of the adsorbed protein from the surface 
resembles what was observed at the hydrophilic Si02 interface (Su et al, 1998a), 
where a complete desorption of proteins after rinsing with ionic surfactants also 
occurred. This might imply that, like adsorption at the Si02-water interface, proteins 
adsorbed at the PC 100A polymer-water interface are not denatured. Lysozyme 
adsorption at the hydrophobic solid-water interface has also been studied by neutron 
reflection (Chapter 4; Lu et al, 1998). It was found that, unlike adsorption at the 
hydrophilic solid-water interface, adsorption at the hydrophobic surface led to the 
breakdown of the globular structure. Subsequent addition of a cationic surfactant 
resulted in the binding of the surfactant to the preadsorbed protein fragments. The 
surface was eventually composed of the complex mixture of surfactants and protein 
residues. In the current situation, complete removal of the adsorbed proteins by the 
cationic surfactant was observed, suggesting that the adsorbed proteins retain their 
structure on the PC 100A surface and few direct contacts were established between 
protein molecules and the substrate. The high affinity of the cationic surfactant 
toward the polymer surface renders a complete removal of the protein.
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Figure 5.19 Comparison of the neutron reflectivity profiles from the PCIOOA-D2O 
interface before lysozyme adsorption (+), after lysozyme adsorption at 4 gdm-3 (O) 
at pH7, and then after rinsing the surface with 20 mM C12TAB (A). The reflectivity 
profile after C12TAB rinsing is identical to that before protein adsorption and, as the 
solid line fit shows, the film structure is retained and fits to the same three layer 
model previously discussed.
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Figure 5.20 Plots of \|/ and A as a function of A, at the PC 100A solid-water interface 
before any protein adsorption (O), after adsorption from 4 gdm'3 lysozyme (□), and 
then after rinsing with 20 mM C12TAB (A). The profile returns to the original after 
rinsing with the surfactant showing complete removal of the lysozyme layer.
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Figure 5.21 Comparison of the neutron reflectivity profiles from the PCIOOA-D2O 
interface before lysozyme adsorption (+), after lysozyme adsorption at 4 gdm-3 (O) at 
pH7, and then after rinsing the surface with C12E5 (A). The reflectivity profile after C12E5 
rinsing shows that the lysozyme layer remains and, therefore, the surfactant is ineffective 
at removing the protein.
5.7 Conclusions
The coating of a PC 100A polymer film onto SiCX can significantly reduce 
protein deposition. This observation is supported by the parallel measurements from 
both spectroscopic ellipsometry and specular neutron reflection. Although 
ellipsometry is less sensitive to the structural distribution of the outer surface of the 
coated polymer film, both techniques produced consistent results with regard to the 
overall amount of protein adsorbed at the polymer-water interface. In comparison 
with the surface excess at the bare Si02-water interface, the residual surface excess 
at the PC100A polymer-water surface was found to be reduced by a factor of 
between two and five, depending on the protein concentration. The extent of the 
reduction at the low and medium protein concentrations was more substantial, 
although accurate estimates at low surface excess were limited by the resolution of 
both methods. Interestingly, greater reductions in adsorption were observed for 
fibrinogen. At the other model interfaces, fibrinogen has been classed as the most 
surface active protein and is the largest and most flexible of those tested. The results 
seem to suggest that the more surface active the protein, the greater the reduction at 
the PC100A surface.
As dodecyl chains and methacrylate groups in the polymer induce higher 
protein deposition, the reduction in the adsorbed amount suggests that the outer 
polymer surface must be covered by a layer of phosphorylcholine groups. This 
hypothesis is supported by the results from the phospholipid coated surface which 
showed a comparable level of reduction in protein adsorption. The results from this 
work strongly suggest that future improvement in the uniformity of the outer surface 
on the polymer film will improve the packing density of the outer PC layer, leading 
to a further reduction in the residual protein deposition. Unfortunately, the diffuse 
outer surface of PC100A films has prevented us from revealing the possible 
structural conformation of the proteins adsorbed at the polymer-water interface. The 
high depth resolution of neutron reflection, however, under other circumstances 
should be capable of probing such structural information at this level of resolution.
The adsorption of globular proteins can also be used as a means to probe the 
electroneutrality of the zwitterionic surface. The reduced level of adsorption 
observed in this work tends to suggest that electrostatic attraction, which is a
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common driving force for surface adsorption, has been predominantly eliminated 
and the zwitterionic surface must be neutral.
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Chapter 6
Protein A dsorption at the Cross-Linked PC100B  
Polym er Solid-W ater Interface
6.1 Introduction
In this chapter the results from the study of protein adsorption on thin PC100B 
films are presented and discussed (Murphy ei al, 1999c). PC100B is similar in 
composition to polymer PC100A, which has been discussed in Chapter 5. Details 
concerning synthesis and the exact chemical composition for both polymers have 
already been shown in Chapter 2. Both polymers have the same backbone and the molar 
ratio of PC groups to dodecyl chains is also identical. The main difference between them 
is that PC100B contains some 25% hydroxypropyl groups and 5% silyl groups. The 
latter works as cross-linkers within the polymer once the film is coated. Annealing at 
70°C under vacuum improves the formation of the silyl network.
As discussed for PC100A, the properties of these polymer coatings have only 
been characterised in a qualitative manner. As before, the assay tests for fibrinogen 
binding and platelet adhesion have been used to provide estimates of the percentage 
reduction in comparison with uncoated surfaces (Campbell et al, 1992 and 1994; 
Chapman et al, 1992). Scanning electron microscopy (SEM) has also been used to give 
visual observations of the coated and uncoated surfaces (Campbell et al, 1992; Dudley 
et al, 1993).
The study of this polymer was carried out in a similar manner to PC 100A. The 
structure and swelling properties of the coated films were first characterised to identify 
the possible difference between the two polymers. Any effect of cross-linking on the 
structure and water composition could, therefore, be determined. The main study was 
performed with the fully hydrogenated polymer. To gain further detailed information 
about the structure of the PC100B film, a chain deuterated sample was also used. The 
deuteration highlights the dodecyl chains and structure of the layers differently under the 
different water contrasts.
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6.2 The Swelling and Stability of PC100B Films Coated on 
S i0 2
The behaviour of the PC100B films in water were carefully monitored over a 
number of hours. As already explained, this was important to establish any possible 
swelling, the timescale for equilibrium of the layers with solution, and film stability 
once immersed in solution.
Spectroscopic ellipsometry scans, which can be repeated at a maximum rate of 
one scan every two minutes, were used to monitor PC100B layers in water. Figure 6.1 
compares the ellipsometrical profiles, in terms of \|/ and A plotted against X, measured 
from such a PC100B layer in water two minutes after immersion and sixteen hours later. 
Again, there are no observable differences between the profiles or between any of the 
measurements taken within minutes after immersion. Therefore, no swelling is indicated 
after two minutes and the layer is stable with time in solution.
It should again be noted that there had to be a long delay before the first neutron 
reflection measurement was made due to the alignment, but the results were used to 
confirm that there were no long-term swelling or structural changes to the layer. Figure
6.2 shows the initial reflection profile measured from the PCIOOB-D2O interface, after 
about two hours in solution, compared with that measured after fifteen hours. As in the 
case of ellipsometry, no change in the profiles was observed. It is clear that the PC100B 
layer is very stable.
Alternative measurements can be made at a fixed single wavelength, the 
advantage being that these take a much shorter time. Figure 6.3 shows a dynamic scan 
performed at 400nm. The sharp drops in \|/ and A indicate the point at which the medium 
was changed from air to water. After that \\/ and A do not change and remain constant 
for thirty minutes. This indicates that any changes in the layer due to water penetration 
are still not detectable within a few seconds.
These results are the same as those presented for PC100A in Chapter 5, showing 
no observable difference in the time scale for the uncross-linlced and cross-linked PC 
polymers to reach equilibrium in solution. The structure of PC100B films remained
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stable in solution. Like PC 100A, the results suggest an instant swelling upon exposure 
of the surface to water.
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Figure 6.1 A comparison of the plots of \\f and A as a function of X at the PC100B 
polymer coated solid-water interface, measured 2 minutes (o) and 16 hours (A) after 
addition of water to the cell. The solid lines are the calculated model fits, assuming a 
polymer film of 55 ± 5 A with n = 1.50. The measurements were made at the incidence 
angle of 75°C with respect to the surface normal and at 25°C.
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Figure 6.2 A comparison of the neutron reflectivities measured from the PC100B 
polymer coated Si02-D20 interface two hours (+) and fifteen hours (A) after addition of 
water to the cell.
6. 5
Figure 6.3 A dynamic scan of a PC100B layer immersed in pure water. The data was 
collected at 400nm, for a duration of approximately thirty minutes after adding water to 
the cell. The immediate changes in \)/ and A, indicated by the arrows, is the point at 
which the medium was changed from air to water. No changes in \j/ or A are indicated.
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6.3 The Structure of Hydrogenated PC100B Films at the 
Solid-Water Interface
Using ellipsometry, quantitative information about the thickness of the PC100B 
polymer film can be obtained by model fitting of the profiles measured at the solid- 
liquid interface. However, as already discussed in both Chapters 2 and 5, the 
information and conclusions that can be drawn from this technique alone are limited due 
to the problem of coupling between refractive index and thickness in thin layers. As 
shown in Figure 6.1, the profile of such a PC100B layer measured at the solid-water 
interface can be fitted to a uniform layer model with a thickness of 55 ± 5 A, assuming 
the refractive index to be the same as for the corresponding bulk dry polymer, that is, n 
= 1.50. As always, other good fits can be obtained by fixing at different refractive index 
or thickness values. The two parameters cannot be reliably disentangled using 
ellipsometry alone. However, neutron reflection can instead be used to provide more 
detailed information about the thickness and distribution of water in the layer.
The structural composition of the PC100B layer was subsequently characterised 
by neutron reflection. The coated surface was measured under the three different water 
contrasts: D20, CM4 (p = 4.00 xlO"6 A'2) and CMSi (p = 2.07 xlO'6 A'2), and the 
resultant reflectivity profiles are shown in Figure 6.4. The use of contrasts with different 
scattering length densities serves the purpose of highlighting the interfacial composition 
and hence providing more information along the surface normal direction. The 
straightforward way to fit these profiles would be to use the uniform monolayer model 
similar to that described from ellipsometry measurements, allowing for an appropriate 
variation in water contrast. For example, the dashed line in Figure 6.5 is the calculated 
reflectivity profile in D20  using a thickness of 55 A for the polymer layer and assuming 
no water penetration. The mismatch between the measured and calculated curves shows 
that the actual distribution of the polymer cannot be modelled into a uniform, dry layer. 
Before considering other models to fit these profiles, it is both useful and interesting to 
compare them to those obtained at the PCIOOA-water interface. Figure 6.6 compares the 
profile measured at the PC100B-D20  interface to that measured at the PC100A-D20  
interface. It is possible to determine, from the very different shapes of the profiles, that
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these polymer films have different layer structures. In fact, the continuous lines shown 
in Figure 6.4 were calculated assuming a uniform PC100B monolayer with a thickness 
of 50 ± 3 A and containing a volume fraction of water of 0.4. The fact that this model 
fits well to the data measured under all three contrasts, shows that the uniform model is 
appropriate for describing both the distributions of the polymer and water across the 
film. The volume fraction distribution of the PC100B layer is illustrated in Figure 6.7 
and is in sharp contrast to the three-layer profile for PC100A, as previously discussed.
In spite of the formation of the silyl cross-linking network, the mixing of some 
40% water into the PC100B film is expected to cause the expansion of the film along the 
surface normal direction, and hence an increased layer thickness. Since the ellipsometric 
measurement at the air-solid interface offers a thickness of 50 ±5 A for the dry film, 
which is identical to that obtained from neutron reflection at the solid-water interface, 
the combined results tend to indicate that such a large extent of water solubilisation did 
not cause any measurable amount of increment change in the polymer film thickness. As 
already indicated, the thickness obtained from the ellipsometric measurement suffers 
from the coupling problem and caution should be taken in comparing the two sets of 
data. Ideally parallel neutron reflection measurements should be made at the air-solid 
interface to obtain the dry film thickness. However, for the fully hydrogenated polymer, 
the measurement would be insensitive because the scattering length density of the 
polymer is close to zero and, therefore, to air.
The main difference in chemical structure between the two polymers, PC 100A 
and PC100B, is the absence of 5% silyl groups in PC100A. The results show that, 
although the swelling and equilibration of each polymer film in water is very fast, the 
resulting volume fraction distributions differ dramatically. The density distributions of 
both polymer and water are uniform throughout the PC100B film. In contrast, the 
distribution of water in the PC 100A film is very uneven: a three layer model shows 
sharp differences in water volume fraction between each layer, varying from 0.2 in the 
inner layer to 0.85 in the outermost diffuse layer. The uniform distribution in PC100B 
must be caused by the formation of the silyl network. It is interesting to note that a water
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content of 40% is also entirely consistent with values characteristic of such hydrogel 
polymers (Guven et al, 1991; Wichterle et al, 1960).
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Figure 6.4 Neutron reflection profiles measured from the PC100B polymer coated 
solid-D20 (+), CM4 (A) and CMSi (□) interfaces. The continuous lines are the 
calculated PC100B monolayer model best fits. The model was calculated assuming a 
uniform polymer layer of 50 ± 3 A containing 40 % water.
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Figure 6.5 Neutron reflectivity measured from the PC100B polymer coated solid-D20  
(+) interface. The dashed reflectivity profile is the calculated fit assuming the uniform 
layer model of 55 A, containing 0% water, obtained from fitting to the ellipsometric data 
at the same interface.
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Figure 6.6 A comparison of the neutron reflectivity profiles measured from the PC100B 
polymer coated solid-D20  interface (+) and the PC100A polymer coated solid-D20  
interface (A). The difference in the shape of the profiles indicates the differences in the 
structure of the two films.
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Figure 6.7 The polymer volume fraction distribution in a PC100B film after immersion 
in water (solid line). This data was obtained from the model fitting to the hydrogenated 
PC100B neutron reflection data measured at the solid-water interface. The polymer 
volume fraction distribution in a PC 100A film in water, described by a three-layer 
model, is shown for comparison (dashed line)
6.4 The Structure of Partially Deuterated PC100B Films at the 
Solid-Water Interface
The partially deuterated PC100B polymer film, containing deuterated dodecyl 
chains, was also coated onto silicon oxide and characterised at the solid-water interface 
using neutron reflection. The aim of using such a polymer was to gain a greater 
understanding of the actual structure of the polymer film by determining the distribution 
of the dodecyl chains. As PC100B is a copolymer, containing four different components 
(see Chapter 2 for details), it is of interest to locate the possible segregation of each 
component across the interface. It should be noted that this is the first of such work 
using partially deuterated polymer. For example, to gather exact information about the 
distributions of all the polymer components in the film, especially the PC head groups, 
further work is needed to analyse all the partially deuterated species. Labelling to the 
dodecyl chains serves to show the distribution of the dodecyl chains in relation to the 
rest of the hydrogenated components. Such labelling will also offer some limited 
information about the distribution of PC headgroups, but in a less reliable manner. The 
initial findings from this work are presented below.
Although deuterium labelling is not expected to affect the refractive index of the 
polymer, it is possible that the labelling can affect the physical texture of the layer and 
thus result in a different refractive index profile across the interface. Figure 6.8 shows a 
comparison of the ellipsometry profiles measured from the hydrogenated and the 
partially deuterated PC100B solid-water interfaces. They are identical within error, 
showing that the deuterated polymer gives the same film composition and thickness 
under the same coating conditions.
Figure 6.9 shows the neutron reflection profiles measured from the partially 
deuterated PC100B coated interface under the three different water contrasts: D20, CM4 
(p = 4.00 x 10'6 A'2) and H20. The solid lines are the calculated model fits. It was found 
that the polymer could not be modelled into a uniform monolayer as in the case of the 
fully hydrogenated. This observation straightforwardly shows that the dodecyl chains 
are not uniformly distributed. Under the circumstances, it is necessary to try to use 
models containing two or more layers. In fact, a minimum of four-layers had to be used
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to fit the data and the best fits are shown in Figure 6.9. The thicknesses and scattering 
length densities fitted for each layer under each water contrast are summarised in Table 
6.1, where layer 1 is that nearest the SiCE surface, moving out towards layer 4 which is 
that at the water interface.
Table 6.1 A summary of the calculated model fits for the partially deuterated (D- 
dodecyl chain) PC100B coated film measured by neutron reflection at the solid-water 
interface. The film is divided into four layers (layer 1 being next to the SiC>2 surface and 
layer 4 being at the water interface) and the thickness and scattering length density 
(SLD) of the respective layers under each contrast are tabulated.
PC100B film Thickness / 
±3 A
SLD fitted in 
D20  / 10'6 A’2
SLD fitted in 
CM4 / lO'6 A'2
SLD fitted in 
H20  / 10'6 A'2
Layer 1 36 3.2 2.3 0.5
Layer 2 15 4.5 3.6 1.7
Layer 3 14 4.7 3.8 1.9
Layer 4 8 3.4 2.4 0.6
The results from the fully hydrogenated PC100B polymer provided essential 
information about the volume fraction distribution of water in the film. The difference in 
the scattering length density between D2O and CM4 and the hydrogenated polymer 
(only 4.8e-7 A"2) is large and, therefore, the distribution of the water is highlighted in 
this case. As a reminder, the exact relationship between the fitted scattering length 
density for the polymer layer (p) and the volume fraction of water in that layer (cjiw) is as 
follows:
P ~ Pp  0  — $w)  .^1
Where pp and pw are the scattering length densities for the dry polymer and water (eg. 
D2O), respectively. This equation was used in the previous work concerning the 
hydrogenated polymers to determine the volume fraction of water present in the layers. 
Only the scattering length density for the entire hydrogenated PC100B polymer was 
used in- these calculations because all the monomer components are hydrogenated and
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any difference between them is small. Therefore, the individual components within the 
polymer are not distinguishable. As previously shown, the PC100B film was found to 
have 40% water throughout the film. Of course, the water content may fluctuate to some 
degree along the surface normal direction in response to the volume fraction distribution 
of hydrophilic and hydrophobic components. However, the isotopic contrasts used here 
do not show sufficient sensitivity to the possible fluctuations in the water distribution. 
Hence, in fitting the partially deuterated data, we have assumed that the water volume 
fraction is constant at 40% for simplicity.
In the process of the model fitting to the partially deuterated polymer, we have 
divided the polymer into two parts: the dodecyl chain containing monomer; and, the rest 
of the hydrogenated components (ie. the PC containing monomer, the hydroxypropyl 
groups and the silyl groups). The scattering length density for each part was then 
worked out separately (Chapter 2). All the fully hydrogenated monomers were grouped 
together because they could not be distinguished from each other, as already outlined 
above. For each layer, the equation relating the fitted scattering length density to the 
volume fraction of each component now contains three unknown volume fraction 
values: (j)w (water); 4>hyd (hydrogenated polymer components); and, (j)dod (deuterated 
dodecyl chains):
P ~ Pwfiw ^  Phydfiliyd ^  P dodfi dod 6.2
Where phyd = 1.15e'6 A'2 and pdod = 5.30e‘6 A~2.
In order to solve this equation to determine the volume fractions of each 
component present in each of the polymer layers in the four-layer model, there are two 
options. Firstly, it could be assumed that the volume fraction of water in each layer is 
constant and the same as fitted for the hydrogenated data, ie. cj)w = 0.4. Therefore, two 
unknowns are then left in the equation, which can be easily solved using just one 
contrast, together with the constraint to the total volume fraction:
1 = Av + ^ dod + htyd 6.3
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For example, using the fitting from Table 6.1 for layer 1 measured in D20, equation 6.2 
becomes:
3.2 = 6.35(0.4) +1.15 (</>hyd) + 5.3(1 -  0.4 -  <j>hyd) 6.4
The combined resolution of equations 6.3 and 6.4 leads to a value of 0.6 for (j)hyd in layer 
1. In this case, (j)d0d is zero and layer 1 thus contains no dodecyl chains. This is well 
expected, as the hydrophobic chains are more likely to be concentrated in the 
sandwiched middle layers. This result was verified using the fitted data for each of the 
other contrasts for layer 1 and the volume fractions were found to agree within error. 
Equations 6.2 and 6.3 were subsequently applied to other layers and the volume fraction 
distributions in each layer are recorded in Table 6.2.
Secondly, if the volume fraction of water is not assumed from the prior work 
based on fully hydrogenated PC100B, the contrasts measured from the partially 
deuterated PC100B alone can still lead to the resolution of all three unknowns: (j)w, (j)iiyd 
and (J)dod. This was done by writing simultaneous equations based on equation 6.2 using 
the fitted data from two different contrasts for one layer. These, together with equation
6.3, can then be solved for the three unknowns by substitution. Solving the equation in 
this slightly more complex way actually gives the same results as recorded in Table 6.2. 
It is important to point out that the water content is uniform across the layer and is equal 
to 0.4. This shows that the assumption of a volume fraction of 0.4 for water distribution 
across the layer, as determined from the hydrogenated polymer, is justified and the 
fitting from all the contrasts are consistent.
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Table 6.2 A summary of the volume fractions of water and polymer components 
calculated for each layer in the partially deuterated (D-dodecyl chain) PC100B coated 
film, measured by neutron reflection at the solid-water interface. The volume fractions 
of water ((|>w), hydrogenated polymer components (including PC, hydroxypropyl and 
silyl groups) ((j)hyd), and deuterated dodecyl chain (4>dod) are recorded for each layer. The 
film is divided into four layers (layer 1 being next to the SiC>2 surface and layer 4 being 
at the water interface)
PC 10 OB film Thickness / 
±3 A
<j)w $dod h^yd
Layer 1 36 0.4 0.00 0.60
Layer 2 15 0.4 0.30 0.30
Layer 3 14 0.4 0.35 0.25
Layer 4 8 0.4 0.03 0.57
Figure 6.10 illustrates the volume fraction distributions of the hydrogenated 
components and the dodecyl chains along the surface normal direction of the PC100B 
film. These results are interesting in that they clearly show that the distributions are not 
uniform. The innermost and thickest layer, layer 1, of the film contains a negligible 
amount of dodecyl chains. This layer is made up entirely of the hydrogenated polymer 
components and water. This is not unexpected as the polymer backbone, the PC groups 
and hydroxylgroups are likely to make up the bulk of the layer next to the hydrophilic 
SiC>2 surface. The hydrophobic dodecyl chains are segregated into the middle two layers, 
layers 2 and 3, at a ratio of approximately 1:1 to the hydrogenated components. This too 
is expected as the dodecyl chains are the hydrophobic side chains and, therefore, the 
bulk of them are likely to arrange away from each hydrophilic surface. The outermost 
very thin layer 4 is largely made up of the hydrogenated components. We can only 
speculate as to what groups exactly these are, as only the dodecyl chains were 
deuterated. It may be that it is the PC groups preferentially exposed on the outermost 
surface, but it could also be a mixture of them with the silyl and/or the hydroxypropyl 
groups in any amount. It would of course be very interesting to label the PC groups, in 
particular, and the other components to determine their distribution individually and
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then relate these to the biocompatibility of the film. Further conclusions could then be 
made about the importance of the arrangement of each group across the film.
The main conclusions that can be made from this work, without speculation, is 
that the dodecyl chains are not uniformly distributed and are mainly segregated into the 
middle of the film, with a small amount on the outermost surface. It is also apparent that 
water is present in all these layers in the same amount and the cross-linking may play a 
role in this equal distribution. Water is also present in the outermost layer, suggesting it 
is one of the important features of a biocompatible surface. More work needs to be done 
with other partially deuterated PC100B polymers to further clarify the situation.
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Figure 6.8 A comparison of the plots of \|/ and A as a function of X measured at the fully 
hydrogenated PC100B polymer (o) and partially deuterated PC100B polymer (A) coated 
solid-water interface. The solid lines are the calculated model fits, assuming a polymer 
film of 55 ± 5 A with n = 1.50. The measurements were made at the incidence angle of 
75°C with respect to the surface normal and at 25°C.
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Figure 6.9 Neutron reflection profiles measured from the partially deuterated (d- 
dodecyl chain) PC100B polymer coated solid-D2O (+), CM4 (A) and H2O (□) 
interfaces. The continuous lines are the calculated PC100B four-layer model best fits. 
The details of the fitted model are summarised in Table 6.1.
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Figure 6.10 The volume fraction distributions of the hydrogenated components (PC, 
silyl and hydroxypropyl groups) (solid line) and the dodecyl chains (dashed line) in a 
PC100B film after immersion in water. This data was obtained from the model fitting to 
the dodecyl chain deuterated PC100B neutron reflection data measured at the solid- 
water interface.
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6.5 Protein Adsorption at the PC100B Solid-Water Interface
All measurements in this section were made once the PC100B coated surface 
had been allowed to equilibrate with the appropriate buffer solutions. It has already been 
indicated that swelling of these films is fast. However, in all cases thirty minutes of 
equilibration was allowed before any protein solution was introduced. This is identical 
to the procedure previously used in Chapter 5 for analysing the PC100A polymer films. 
Any difference in swelling behaviour in buffer compared to pure water was also 
checked by both ellipsometry and neutron reflection first. Again, no difference in the 
thickness or structure of the films was found, as would be expected with buffers of such 
low ionic strength. The time effect with protein adsorption has already been discussed in 
Chapter 4 and was checked again here. As for PC 100A, the final measurements were all 
taken after forty minutes in protein solution. Again, such a time limit was also applied to 
ellipsometry measurements where data was obtainable immediately. In the case of 
neutron reflection, sample alignment requires one hour and the film would have already 
equilibrated with the buffer solution before the first measurement could be taken. The 
protein adsorption work was focused on measurements at the higher bulk protein 
concentrations. Compared with the interfaces discussed in Chapter 4, the surface 
excesses were substantially lower at low protein concentrations find were in many cases 
close to the experimental errors.
A) Neutron Measurements
The adsorption of lysozyme onto the PC100B surface was measured in the 
buffered D20  at pH7 and the reflectivity profiles are shown in Figure 6.11. The 
reflectivity profile from the interface in the pure buffer solution is also shown for 
comparison. The difference between the profiles indicates the extent of adsorption at 
different lysozyme concentrations. It should be noted that, as for the PC 100A results in 
Chapter 5, the profiles are shown over a narrower momentum transfer range. At 1 gdm'3 
a small deviation in the reflectivity occurs, indicating a small amount of surface 
adsorption. At 4 gdm'3, the profile shifts slightly further from the buffered D20  profile, 
indicating a greater lysozyme adsorption. Quantitative information about the surface
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excess of lysozyme was obtained by fitting models to the adsorbed layers. In the case of 
lysozyme adsorption onto the hydrophilic silicon oxide-water interface, it was found that 
lysozyme molecules prefer to adopt well-structured conformations and the thicknesses 
of the layers are comparable to the dimension of the globular structure for lysozyme (Su 
et al, 1998a and 1998b). As the outer surface of PC100B is uniform and not diffuse like 
the PC100A surface (Chapter 5), it is interesting to examine if the thickness of the layer 
is close to any of the axial lengths for lysozyme. Attempts were made to fit the 
reflectivity profiles by constraining the lysozyme layer thickness to within 45 A (the 
long axial length) and allowing p to vary to obtain the best fit. Figure 6.12 shows the 
resulting best fit to the measured profile at 4 gdm'3 with the lysozyme layer thickness 
fixed at 45 A (dashed line). As the broad interference fringe occurs at a higher value of 
momentum transfer than that of the measured profile, it is clear that a thickness of 45 A 
is too short to account for the distribution of the adsorbed lysozyme layer on the 
PC100B surface. Once the constraint on the thickness of the layer is given up, it is 
relatively straightforward to analyse the measured neutron data. The reflectivity profiles 
are best fitted using a uniform lysozyme layer distribution with a thickness of 90 ± 10 A. 
The lysozyme volume fraction within this layer is 0.09 ± 0.03 at 1 gdm'3 and 0.12 ± 0.03 
at 4 gdm"3. The surface excesses are calculated to be 1.2 ± 0.2 mgm'2 at 1 gdm'3 and 1.7 
± 0.2 mgm'2 at 4 gdm'3. Figure 6.13 illustrates the volume fraction distribution of the 
PC100B film and the lysozyme layer adsorbed at the surface at 4 gdm'3.
The adsorption of BSA onto the PC100B surface was studied by neutron 
reflection at pH5. Figure 6.14 shows the adsorption of BSA at 0.05 and 2 gdm'3 
compared with the reflectivity from the buffered D20. The solid lines are the best fits to 
the profiles. The surface excess at 0.05 gdm'3 was determined to be 0.5 ± 0.2 mgm'2 
from the model fitting, and at 2 gdm'3 it was 1.0 ± 0.2 mgm'2. The total layer thickness 
was found to be 60 ± 10 A at 0.05 gdm'3 and 90 ± 10 A at 2 gdm'3. Again this thickness 
is much broader than found at the bare silicon oxide-water interface, where a sideways 
on monolayer of 30 A forms at low surface excesses. It was found that the profile 
measured at 2 gdm'3 BSA was better fitted by a two-layer model. The fitting was 
obtained by dividing the total distribution into two layers: an inner layer of 60 A and the
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outermost layer of 30 A. The protein volume fraction for the inner layer was found to be 
0.1 ± 0.03 and that for the outer layer to be 0.05 ± 0.03. Figure 6.15 illustrates the 
volume fraction distribution of the BSA layers adsorbed at 2 gdm'3 on the PC100B 
surface.
The effectiveness of the PC100B polymer coated surface in reducing fibrinogen 
adsorption was also tested. Figure 6.16 compares the reflectivity profile measured in the 
presence of 1 gdm'3 fibrinogen at pH7 to that measured in pure buffer before protein 
adsorption. It should be noted that the profile measured in 0.1 gdm'3 is not shown for 
clarity because it is virtually identical to that measured in the pure buffer, indicating 
negligible adsorption. Indeed, the surface excess was calculated to be 0.3 ± 0.2 mgm'2 at 
0.1 gdm"3. At 1 gdm'3 it was 0.8 ± 0.2 mgm*2. The adsorbed protein layer is again very 
broad and the best fitted layer is 100 ± 10 A thick. The volume fraction within the layer 
is hence less than 5%. Figure 6.17 shows the distribution of the fibrinogen layer at 1 
gdm"3 on the PC100B surface. The surface excess values determined for each of the 
proteins at the PC100B solid-water interface are summarised in Table 6.3.
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Figure 6.11 Neutron reflectivity measured from the PC100B solid-D20  interface before 
(dashed line) and after adsorption of lysozyme onto the surface at 1 gdm'3 (+) and 4 
gdm'3 (O) at pH7. The continuous lines through the measured reflectivities are the fits to 
the profiles, giving surface excesses of 1.2 ± 0.2 mgm'2 and 1.7 ± 0.2 mgm'2 
respectively.
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Figure 6.12 Neutron reflectivity measured from the PC100B solid-DsO interface after 
adsorption of lysozyme onto the surface at 4 gdm"3 (O) at pH7. The dashed line is the 
calculated best model fit assuming the lysozyme layer to be 45 A thick. The mismatch 
between the two curves shows that a thicker layer needs to be used to fit the data.
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Figure 6.13 The volume fraction distributions for the PC100B polymer film (solid line) 
and the lysozyme layer adsorbed at the surface at 4 gdm'3 at pH7 (dashed line).
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Figure 6.14 Neutron reflectivity measured from the PC100B solid-D20  interface before 
(dashed line) and after adsorption of BSA onto the surface at 0.05 gdm"3 (+) and 2 gdm"3 
(O) at pH5. The continuous lines through the measured reflectivities are the fits to the 
profiles, giving surface excesses of 0.5 ± 0.2 mgm"2 and 1.0 ± 0.2 mgm"2 respectively.
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Figure 6.15 The volume fraction distributions for the PC100B polymer film (solid line)' 
and the BSA layer adsorbed at the surface at 2 gdtn3 at pH5 (dashed line).
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Figure 6.16 Neutron reflectivity measured from the PC100B solid-D20  interface before 
(dashed line) and after adsorption of fibrinogen onto the surface at 1 gdm'3 (O) at pH7. 
The continuous line through the measured reflectivity is the fit to the profile, giving a 
surface excess of 0.8 ± 0.2 mgm'2.
6.31
Vo
lu
m
e 
Fr
ac
ti
on
0 .8
0.6
0.4 —
0.2  —
0 40 80 120
Distance normal to surface/ A
Figure 6.17 The volume fraction distributions for the PC100B polymer film (solid line) 
and the fibrinogen layer adsorbed at the surface at 1 gdm'3 at pH7 (dashed line).
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B) Ellipsometry Measurements
These experiments were repeated using ellipsometry to measure the adsorption 
of each of the proteins. Figure 6.18 compares the profiles of \|/ and A versus X measured 
from the PC100B coated solid-liquid interface in pure buffer and after adsorption from 4 
gdm"3 lysozyme at pH7. Adsorption was also measured at 1 gdm"3 but the profile is not 
shown for clarity. It can be seen from Figure 6.18 that the two sets of profiles are 
identical within the experimental error. This initially suggests that there is negligible 
adsorption of lysozyme on the surface at both the concentrations. The profile is identical 
and, therefore, fits to the same model for the clean polymer surface. These 
measurements were repeated for both BSA and fibrinogen and again no measurable 
amount of protein was detected in either case at any of the concentrations. The 
reliability and implication of these measurements can be revealed by comparing the 
models and surface excess values fitted to the neutron reflection data from the same 
adsorption experiments.
As already discussed, the results from neutron reflection have indicated that all 
the adsorbed proteins are distributed over a wide depth range along the surface normal 
direction and yet the volume fractions of the proteins within the layers are very low. In 
all cases the volume fractions are in the order of 10% or less. Such diffuse protein layer 
distributions are relatively easy for neutron reflection to detect because of the high 
contrast created by the use of D2O as a solvent. However, the alteration of the refractive 
index profile across the interface resulting from the presence of such a diffuse and thick 
protein layer is relatively small and its effect to \|/ and A is hence not appreciable. Figure
6.18 compares the calculated \|/ and A for a model taking into consideration the 12% 
lysozyme layer of 90 A thick (continuous lines), with the actual measured ones under 4 * 
gdm'3 lysozyme. The calculated line fits well to the measured data, suggesting that 
under these conditions, ellipsometry is unable to detect the presence of such a diffuse 
protein layer. For the adsorption at the PCIOOA-solution interface, discussed in Chapter 
5, the discrepancy between the two methods was less. This is because the protein layers 
were not as thick and diffuse and the volume fraction of protein was higher, ie. the 
surface excess was more concentrated in a smaller area. Therefore, the respective
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change in refractive index was greater and within the sensitivity of the system. Figure
6.19 shows the profiles of \|/ and A measured before and after adsorption from 2 gdm'3 
BSA at pH5 at the PC100B coated solid-liquid interface. Figure 6.20 shows the profiles 
of \|/ and A measured before and after the adsorption from 1 gdm'3 fibrinogen at pH7 at 
the PC100B solid-liquid interface. As observed for lysozyme, no changes in the profiles 
were detected for either protein. Again, if the model fit is calculated taking into account 
the diffuse, thick protein layers detected by neutron reflection, in both cases the model is 
identical to the measured data. Therefore, ellipsometry is insensitive to the presence of 
very thick and diffuse protein layers on the PC100B polymer surface because the change 
in refractive index is not large enough to distinguish it from the surrounding protein 
solution.
Table 6.3 Surface excesses for the adsorption of proteins at the PC100B solid-water 
interface. Note that under all these conditions the surface excesses are close to zero.
Protein C/ gdm' pH F ± 0.4 /mgm"2 
(ellipsometry)
r  ± 0.2 /mgm"2 
(neutrons)
Lysozyme 1 7 0 1.2
4 7 0 1.7
BSA 0.05 5 0 0.4
2 5 0 1.0
Fibrinogen 0.1 7 0 0.3
1 7 0 0.8
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Figure 6.18 Plots of \\r and A as a function of X at the PC100B solid-liquid interface 
before (O) and after the adsorption of lysozyme onto the surface at 4 gdm'3 (□) at pH7. 
The continuous line is the calculated model fit taking into account the 1.7 mgm'2 of 
lysozyme in the form of a 90 A diffuse layer, as determined by neutron reflection. The 
good fit of the line shows the reason for no difference between the measurements: 
ellipsometry is insensitive to the presence of such a thick, diffuse protein layer. The 
measurements were made at the incidence angle of 75° with respect to the surface 
normal and at 25°C.
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Figure 6.19 Plots of \|/ and A as a function of X at the PC100B solid-liquid interface 
before (O) and after the adsorption of BSA onto the surface at 2 gdm'3 (□) at pH5. The 
continuous line is the calculated model fit taking into account the 1.0 mgm'2 of BSA in 
the form of a 90 A diffuse layer, as determined by neutron reflection. The good fit of the 
line shows the reason for no difference between the measurements: ellipsometry is 
insensitive to the presence of such a thick, diffuse protein layer. The measurements were 
made at the incidence angle of 75° with respect to the surface normal and at 25°C.
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Figure 6.20 Plots of \|/ and A as a function of X at the PC100B solid-liquid interface 
before (O) and after the adsorption of fibrinogen onto the surface at 1 gdm'3 (□) at pH7. 
The continuous line is the calculated model fit taking into account the 0.8 mgm'2 of 
fibrinogen in the form of a 100 A diffuse layer, as determined by neutron reflection. The 
good fit of the line shows the reason for no difference between the measurements: 
ellipsometry is insensitive to the presence of such a thick, diffuse protein layer. The 
measurements were made at the incidence angle of 75° with respect to the surface 
normal and at 25°C.
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The results of this study at the PC100B polymer coated solid-liquid interface 
show substantial reductions in the adsorption of all three model proteins, lysozyme, 
BSA and fibrinogen. This reduction is relative to the uncoated bare SiC>2 surface and 
other non-biocompatible model interfaces such as OTS and PMMA as discussed in 
Chapter 4. The extent of reduction at the PC100B surface is actually comparable to that 
observed at the PC100A surface (Table 5.1, Chapter 5). There are small differences in 
the total surface excess values between the two polymer surfaces but these are mostly 
within error or not large enough to be considered significant here. Therefore, despite the 
structural differences between the two polymers in terms of the water distribution across 
the film and the presence of a silyl cross-linking network in PC100B, it seems that their 
efficiency in reducing protein adsorption is comparable. As discussed for PC 100A, the 
reduction in adsorption relative to the bare SiC>2 surface is in the order of two to five 
fold, depending on the bulk protein concentration. The highest reduction is observed at 
low bulk protein concentrations. Like PC 100A, PC100B also appears to be most 
effective at reducing adsorption of the most surface-active protein, fibrinogen, where the 
reduction is in the order of seven fold, even at 1 gdm"3.
The quantitative information used here to discuss protein adsorption at the 
PC100B coated solid-liquid interface comes directly from the neutron reflection results. 
Although at first sight it appeared that the ellipsometry results contradict those from 
neutron reflection, this is in fact not the case as it has been demonstrated that 
ellipsometry is simply insensitive to the very thick and diffuse protein layers adsorbed. 
If the structural information from the fitted neutron reflection models is used, the 
calculated ellipsometrical profiles fit the measured ones well. A very thick protein layer 
containing only a low volume fraction of protein results in a layer with a refractive 
index close to that of the surrounding solution.
One of the most interesting observations in this work is the formation of the 
thick but diffuse protein layers at the PCIOOB-solution interface. For all the three 
proteins studied, the thicknesses of the adsorbed layers vary from 60 A to 100 A, 
depending on the protein concentration. The volume fractions of the proteins are always 
around 0.1 or under. It is difficult to explain this phenomenon at this stage, partly 
because the exact composition of the outer PC polymer surface is unknown and partly
6.38
because little information is available regarding the general interaction between a 
protein and a zwitterionic polymeric substrate. Although neutron reflection 
measurements offer no direct indication about the physical and biological nature of the 
adsorbed proteins under these conditions, the loose distributions of the protein layers 
suggest few contacts between the protein molecules and the surface. It is hence likely 
that the adsorbed lysozyme and BSA may still retain their globular structure, although 
fibrinogen may have lost its native structure because it is much greater in size and less 
stable.
The surface excess values are very similar to those for PC100A and are also 
comparable to the reductions observed at PC-containing phospholipid surfaces, studied 
by Malmsten (1994b and 1995), suggesting that PC headgroups must be present on the 
outer polymeric film surfaces.
Although the exact chemical compositions of the two PC-polymers are different, 
the surface excesses of all these proteins are comparable. This observation may suggest 
that in spite of the difference in the chemical constituents between the two polymers, the 
composition of the outer surfaces for the two polymer films is close. The formation of 
the silyl cross-linked network is clearly important for the stabilisation of the coated film, 
but it has no obvious effect on protein adsorption. The structure study of the deuterated 
dodecyl chain PC100B polymer film indicated that only a small amount of dodecyl 
chains are present on the immediate outer surface. It is possible that more are present on 
the uncross-linked PCI00A surface, hence more contacts with proteins. This may 
explain the observed difference in structure distribution of the protein layers. However, 
the advancing contact angles for both polymer surfaces are found to be the same, around 
80 ± 5°. This suggests that the surfaces are composed of similar moieties.
The possibility of the rearrangement of the PC groups at the surface in solution 
has already been discussed at length in section 5.3.3. It is difficult to make a firm 
conclusion about the exact mechanism of reduced protein adsorption in the case of PC- 
polymers, because the contact angles are far from zero, thereby suggesting that the 
fraction of PC-groups on the outer surface must be low. Ruiz et al (1998) suggested that 
the PC groups are mobile and that they can undertake reorganisation according to the 
solution environment, to minimise the surface energy. However, whether the energetic
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penalty related to the process of switching between the PC groups and the dodecyl 
chains is too great to be possible is not clear. Jeon et al (1991) showed that the 
organisation of a poly(ethylene glycol) (PEG) layer is important in reducing protein 
adsorption. They studied the effect of chain length on its ability in reducing adsorption. 
They concluded that their effectiveness was rendered by a combined effect of the 
packing density of the ethoxylate groups and the entropy created by the flexibility of the 
chain groups. The PC groups attached to the methacrylate backbone are likely to have a 
degree of flexibility and therefore, they may be able to undergo some rearrangement.
PC groups are also strongly hydrated (Granfeldt et al, 1991; Sheng et al, 1991). 
Therefore, the mechanism of reduction could resemble what Prime et al (1993) 
suggested for a poly(ethylene oxide) or poly(ethylene glycol) (PEG) surface. Prime et al 
attributed the effectiveness of various PEO coated surfaces to the presence of the kinetic 
barrier arising from steric stabilisation with certain fractions of alkyl chains present. For 
adsorption to occur, the protein molecules must overcome the hydrated water 
surrounding the ethoxylate groups. However, Si02 itself is heavily hydrated, but causes 
very strong adsorption. Therefore, hydration cannot be the only reason for a reduction in 
protein adsorption.
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6.6 The Adsorption of HSA from Blood Plasma to the PC100B 
Coated Surface: Detection Using an ELISA Test
Both PC100B and PC 100A coated surfaces have been assessed using standard in 
vitro biocompatibility tests such as enzyme linked immunoassays (ELISA). Such 
techniques detect the presence of proteins on a surface and can provide estimates of any 
reduction in adsorption. However, the information available from these techniques is 
very limited. On the other hand, assay techniques are so widely used as standard tests, it 
was useful to compare the results from these tests with those from neutron reflection. As 
the ELISA test used blood plasma as the source of HSA, it provided an interesting 
example to show that these polymer surfaces samples are also effective in a mixed 
protein solution.
Both bare silicon oxide and PC100B coated silicon oxide samples were 
incubated with the blood plasma and then the ELISA test was performed to detect bound 
HSA. The mean absorbance at 450nm was recorded for each sample type. Figure 6.21 
compares the absorbance readings and from the bar chart it is possible to visualise the 
extent of reduction in HSA binding. If the absorbance at bare Si02 is taken to be 100%, 
then the percentage reduction in protein adsorption at the PC100B surface, relative to 
the uncoated, is 91%. This indicates a significant reduction after PC100B coating, 
supporting the results of the model-dependent techniques. The bulk concentrations of 
protein are obviously different but the results agree in that there can be over a five fold 
reduction in protein adsorption. The figure of 91% is, within error, the same as the 
reduction of 89% indicated from the ELISA results for the PC 100A coated surfaces. 
This further supports the findings of the neutron reflection and ellipsometry results: the 
two polymers, PC100A and PC100B display very similar reductions in protein 
adsorption despite their structural differences.
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Figure 6.21 Coating of PC100B polymer onto a silicon oxide surface results in a 
significant reduction in HSA adsorption from blood plasma. The absorbance measured 
at 450nm indicates the relative amount of adsorption, detected by an ELISA test.
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6.7 Surfactant Cleaning of PC100B Coated Silicon Oxide 
Surfaces After Protein Adsorption
It was necessary to find out if it was possible to clean the PC100B surfaces after 
each protein adsorption study, so the same surface could be regenerated and reused for 
another protein in the ongoing experiment. Initially, the reversibility of the adsorption at 
the PC100B polymer surface was examined by rinsing the polymer surface with 
buffered D20. It was found that a large fraction of the adsorbed protein was still left 
after rinsing, suggesting that adsorption is irreversible with respect to protein 
concentration. The preadsorbed surface was subsequently rinsed with 20 mM 
dodecyltrimethylammonium bromide (Ci2TAB), which is above its critical micellar 
concentration (cmc = 14 mM). Following this rinsing, the neutron reflectivity 
measurement in the buffered D20  returned to the D20  profile obtained before protein 
adsorption was started, suggesting that the adsorbed protein was completely removed. 
For example, Figure 6.22 shows the comparison of the reflectivity profiles measured in 
buffered D20  before exposure to protein and after rinsing with Ci2TAB following the 
lysozyme adsorption experiment. The profile measured in 4 gdm'3 lysozyme is also 
shown for comparison. These results demonstrate that the PC100B layer is cleaned of all 
lysozyme and the layer has retained its original structure. The cationic surfactant 
Ci2TAB was found to be effective for cleaning off all the proteins studied.
Unfortunately, in this case the parallel experiment on ellipsometry will not 
produce any results to support this finding. This is because no change in \|/ or A is 
detected on the adsorption of the very thick and diffuse protein layers characteristic of 
the PC100B surface. Therefore, it is impossible to conclude if the diffuse layer has been 
removed by the C12TAB rinsing.
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Figure 6.22 Comparison of the neutron reflectivity profiles at the PCIOOB-D2O 
interface before lysozyme adsorption (+), after lysozyme adsorption at 4 gdm"3 (O) at 
pH7, and then after rinsing the surface with 20 mM C12TAB (A). The reflectivity profile 
after C12TAB rinsing is identical to that before protein adsorption and, as the solid line 
calculated fit shows, the film structure is retained and fits to the same monolayer model 
previously discussed.
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6.8 Conclusions
PC100B has very similar properties to PC 100A in terms of its stability and the 
speed of equilibration of the film with solution. Water penetration into the film is again 
very rapid. However, the actual structures of the films are very different in terms of the 
water distribution along the surface normal direction. Coated PC100B films can be 
modelled by a uniform monolayer containing 40% water. The equal distribution of the 
water in the layer may be rendered by the formation of the cross-linked silyl network. 
This structure is in sharp contrast to the uneven swelling of the PC 100 A film, which can 
be divided into three layers with very different water contents, increasing towards the 
outermost layer.
The adsorbed protein layers on PC100B surfaces are very thick and diffuse. This 
applies to all the proteins studied and appears to be characteristic of this polymer. The 
polymer has a uniform outer surface and the protein layers are uniform too. PC100A, on 
the other hand, has a very diffuse outer polymer surface and, as a result, the protein 
layers are rough and just broader than the dimensions of the protein molecules. The 
structure of the protein layers appears to be affected by the outer diffuse surface.
In spite of the structural differences between the two polymers, the residual level 
of protein adsorption was found to be comparable between the two PC-polymers. Both 
substantially reduce protein adsorption. This indicates that the composition of the two 
outer surfaces may be very similar or at least share the same characteristics. If the silyl 
groups and hydroxypropyl groups in PC100B are present on the outer surface, they do 
not affect the surface effectiveness in deterring protein adsorption.
The structural measurement on the dodecyl chain deuterated PC100B shows that 
the dodecyl chains are distributed in the middle of the film, showing that the PC and 
hydroxyl groups must be enriched on the outer surfaces. This result directly supports the 
view that the effectiveness in reducing protein adsorption is rendered by the presence of 
hydrated groups at the surface of the polymer film. Further work with PC-deuterated 
polymers will strengthen the correlation between protein adsorption and the exact 
surface composition of the coated film. In particular, a deuterated PC-containing
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polymer will aid conclusions about the distribution of the PC groups at the solid-liquid 
interface.
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Chapter 7
The Effect o f the Percentage o f Cross-Linking G roups 
Incorporated into PC100B
7.1 Introduction
This chapter will discuss the results from the study of derivatives of PC100B, 
which vary in their percentage content of silyl cross-linking groups. The standard 
PC100B polymer, discussed in Chapter 6, contains 5% silyl cross-linking groups. For 
the purpose of industrial and commercial applications, this percentage has been accepted 
and used as the amount necessary to create a stable and effective biocompatible coating. 
The objective of this work is to examine the effect of altering the fraction of 
incorporated cross-linking groups, on the structure and stability of the polymer films and 
their subsequent protein adsorption properties.
Derivatives of PC100B containing 1% and 0% cross-linking groups were 
characterised in order to compare their performance with the standard PC100B 
containing 5% silyl groups. It should be reminded at this point that the chemical 
structures of 1% and 0% PC100B are similar to the 5%. The difference in the percentage 
of silyl groups is compensated by the increase in the content of dodecyl chains. The 
composition of the other components is virtually identical.
It should be reminded that although both PC 100A and 0% PC100B contain no 
cross-linking silyl groups and have the same ratio of PC to dodecyl chains, the PC 100 A 
polymer contains no hydroxypropyl groups. It was, therefore, chosen to study 0% 
PC100B to obtain a direct comparison to 5% PC100B and identify the effect of the 
inclusion of the silyl groups. By comparison to PC100A, the results from these two 
polymers will offer some information about the effects of the inclusion of 
hydroxypropyl groups on the structure of the films and their responses to proteins.
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7.2 The Swelling and Stability of the PC100B Derivative Films 
Coated on S i0 2
In order to prepare for protein adsorption work at the solid-liquid interface, the 
swelling behaviour of 1% PC100B films in water was monitored over a number of 
hours, with particular attention to their stability.
As explained previously, this process involves repetitive spectroscopic 
ellipsometry scans over a number of hours at the solid-water interface. Figure 7.1 
compares \j/ and A plotted against X, measured from the 1% PC100B layer in water, two 
minutes after immersion and sixteen hours later. There are no observable differences 
between the two profiles showing no measurable swelling. The results also suggest that 
the layer is stable over the whole period of the experiment.
The long-term stability of the film was also confirmed by neutron reflection 
measurements. Figure 7.2 shows the initial reflectivity profile measured from the 1% 
PCIOOB-D2O interface, after about two hours in solution, compared to that measured 
after fifteen hours. The overlapping between the two profiles again shows that the 
structure of the film remains unchanged. It should be noted that although no swelling 
was detected over the time scale of the experiment, swelling is likely to occur due to the 
large fraction of PC and hydroxy groups within the polymer. This suggests that the 
whole process of swelling must have occurred over a much shorter time scale, possibly 
within seconds, as in the case of PC 100 A and PC100B. The exact percentage of water 
within the polymer will be discussed later.
Similar measurements were made to examine the swelling behaviour of the 0% 
PC100B films and their stability over a period of some ten hours. As in the case of the 
other polymers no change was detected, showing the films were stable.
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Figure 7.1 A comparison of the plots of \|/ and A as a function of X at the 1% PC100B 
(containing 1% silyl cross-linking groups) polymer coated solid-water interface, 
measured 2 minutes (o) and 16 hours (A) after addition of water to the cell. The solid 
lines are the calculated model fits, assuming a polymer film of 50 ± 5 A with n = 1.50. 
The measurements were made at the incidence angle of 75°C with respect to the surface 
normal and at 25°C.
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Figure 7.2 A comparison of the neutron reflectivities measured from the 1% PC100B 
(containing 1% silyl cross-linking groups) polymer coated Si02-D20  interface two hours • 
(+) and fifteen hours (A) after addition of water to the cell.
7.3 The Structure of PC100B Derivative Films at the Solid- 
Water Interface
7.3.1 1% PC100B
The structural composition of the 1% PC100B film was characterised by neutron 
reflection under three different water contrasts: D20, CM4 (p =4.00 x 10"6 A'2) and 
CMSi (p = 2.07 x 10‘6 A"2), and the resultant reflectivity profiles are shown in Figure
7.3. Before attempting to fit these profiles, it is useful to compare them with those 
obtained at the other PC-polymer coated solid-liquid interfaces. Figure 7.4 compares the 
profiles measured at the PC100A and 5% PCIOOB-D2O interfaces to that measured at 
the 1% PCIOOB-D2O interface. Simply by observing the very different shapes of the 
profiles, it is possible to determine that the 1% PC100B polymer film has a different 
layer structure from the other two. This immediately suggests that the structural models 
that fit to the other two polymer films are not appropriate for the 1% PC100B film. It 
should be reminded that ellipsometry measurements showed that the thickness of all 
these films at the air-solid interface are all around 50 ± 10 A, if the refractive indices are 
fixed at 1.50 at a wavelength of 430 nm. This shows that before exposing to water, the 
thickness of the films were comparable.
A three-layer “sandwich” model was subsequently proposed: the inner and 
outermost layers containing over five times as much water as the middle layer. This 
model fits to the profiles measured under all three contrasts and the best fits are shown 
in Figure 7.3 as the continuous lines. These were calculated assuming the inner layer to 
be 27 ± 3 A thick with 54% water, the middle layer to be 14 ± 3 A with only 12% water, 
and the outer layer to be 30 ± 5 A thick with 62% water. In addition, a roughness of 10 ± 
5 A was required for the outer polymer-water interface. The volume fraction 
distributions for this polymer film are displayed in Figure 7.5. The main feature of this 
fitting is that it shows the unsymmetrical mixing of water into the 1% PC100B layer is 
rather unusual, in that the thin layer containing very little water is sandwiched between 
the two very diffuse layers. This is in complete contrast to both the three-layer model 
used for PC 100A films where the water content increased along the surface normal 
direction towards the outer layer, and the uniform water distribution for the 5%
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PC100B. The results also confirm that 1% PC100B films are heavily hydrated and, 
taking into account the percentage of water present in each individual layer and the 
thickness of each of those layers, the total overall water content is in the order of 50%. 
This figure is similar to the overall values obtained for PC100A and 5% PC100B and is 
again entirely consistent with values characteristic of hydrogels (Guven et al, 1991; 
Wichterle et al, 1960). Thus, reducing the content of silyl cross-linking groups in 
PC100B from 5% to 1%, results in substantial changes in the distributions of polymer 
and water across the film, although the total water content of the film does not appear to 
vary in any significant manner. In the case of 1% PC100B it is likely that a higher 
proportion of the dodecyl chains is sandwiched in the centre of the film. It can thus be 
concluded that for this type of polymer strong segregation clearly occurs if the silyl 
content is insufficient.
Although ellipsometry measurements were also made on the 1% PC100B 
polymer film, the level of structural information that can be obtained from them is 
limited. This is mainly due to the coupling between the refractive index and thickness 
parameters in these thin layers. As shown in Figure 7.1, the profile of such a 1% 
PC100B layer measured at the solid-water interface can be fitted to a uniform layer 
model with a thickness of 50 ± 5 A, assuming the refractive index to be the same as for 
the corresponding bulk dry polymer, that is, n = 1.50 at 430 nm. As the two parameters 
cannot even be reliably disentangled for a one-layer model, dividing the film into a 
number of layers for fitting is obviously beyond the limitations of the resolution. As 
shown previously, under these conditions neutron reflection can provide reliable 
information about the thickness and water distribution along the surface normal 
direction. The use of D20  helps to highlight the layers and the uneven distribution of 
water across the film.
As described for PC 100A, it is worthwhile to test if the detailed model derived 
from neutron reflection can fit the ellipsometrical profiles. For example, Figure 7.6 
shows that if the three-layer model obtained from neutron reflection is converted to the 
elliptical profiles, it fits to the measured data well. Equation 5.1, shown in section 5.3, 
was used to calculate the corresponding refractive indices from the known volume 
fractions of water for each layer. Thus, this model is composed of an inner layer of 27 A
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with a refractive index of 1.40, a middle layer of thickness 14 A with a refractive index 
of 1.48 and an outer layer of 30 A with a refractive index of 1.38. Therefore, the 
ellipsometry profiles obtained from such a thin 1% PC100B polymer film will fit to a 
number of models. It should, however, be noted that under these conditions none of the 
models described are actually incorrect, the single layer fit just demonstrates the average 
composition of the surface. As with protein surface excess, ellipsometry is sensitive to 
the overall amount but not to the detailed structure at the interface under such narrow 
dimensions.
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Figure 7.3 Neutron reflection profiles measured from the 1% PC100B (containing 1% 
silyl cross-linking groups) polymer coated solid-D20  (+), CM4 (A) and CMSi (□) 
interfaces. The continuous lines are the calculated 1% PC100B three-layer model best 
fits. The model was calculated assuming an inner layer of 27 ± 3 A with 54% water, a 
middle layer of 14 ± 3 A with 12% water and an outer layer of 30 ± 3 A with 62% 
water.
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Figure 7.4 A comparison of the neutron reflectivity profiles measured from the 1% 
PC100B (containing 1% silyl cross-linking groups) polymer coated solid-D20  interface 
(O), the 5% standard PC100B (containing 5% silyl cross-linking groups) polymer coated 
solid-D20  interface (+) and the PC100A polymer coated solid-D20  interface (A). The 
difference in the shape of these profiles indicates the difference in the structure between 
these three films.
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Figure 7.5 The polymer volume fraction distribution in a 1% PC100B (containing 1% 
silyl cross-linking groups) film after immersion in water. This data was obtained from 
the three-layer model fitting to the neutron reflection data measured at the solid-water 
interface.
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Figure 7.6 Plots of \|/ and A as a function of X at the 1% PC100B (containing 1% silyl 
cross-linking groups) polymer coated solid-water interface (O). The solid lines are the 
calculated model fits, assuming the neutron three-layer model. That is, an inner layer of 
27 A with 54% water, a middle layer of 14 A with 12% water and an outer layer of 30 A 
containing 62% water. The measurements were made at the incidence angle of 75° with 
respect to the surface normal and at 25°C.
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The structural composition of the coated 0% PC100B film was characterised by 
neutron reflection in exactly the same way as for 1% PC100B. The coated surface was 
measured under the three different water contrasts: D20, CM4 (p = 4.00 x 10"6 A‘2) and 
CMSi (p = 2.07 x 10‘6 A'2), and the resultant reflectivity profiles are shown in Figure 
7.7. Again, it is interesting to compare these profiles to those previously obtained at the 
other PC-polymer coated solid-liquid interfaces. Figure 7.8 compares the profiles 
measured at the PC100A-D2O interface and standard PC100B (5% silyl groups)-D20  
interface, to that measured at the 0% PC100B (0% silyl groups)-D20  interface. The 
differences in the shapes of the profiles show that neither of the two model layer 
structures previously used to describe the PC 100 A and PC100B films are appropriate for 
describing this particular film. Furthermore, Figure 7.9 shows that the profile measured 
at the 1% PC100B-D20  interface is also somewhat different from that at the 0% 
PC100B-D2O interface. Therefore, this PC-polymer film has a different layer structure 
again from the others studied. As already explained before, the thickness of the dry films 
were similar.
As in the case of 1% PC100B, a minimum of a three-layer “sandwich” model 
had to be used. This model fits to the profiles measured under all three contrasts and the 
best fits are shown in Figure 7.7 as the continuous lines. These were calculated 
assuming the inner layer to be 25 ± 3 A thick with 52% water, the middle layer to be 14 
± 3 A with 0% water, and the outer layer to be 25 ± 5 A thick with 61% water. In 
addition, a roughness of 10 ± 5 A was required for the outer polymer-water interface. 
The volume fraction distributions for this polymer film are displayed in Figure 7.10. The 
main feature of this fitting is that it shows the unsymmetrical mixing of water into the 
0% PC100B layer is substantial and, like the 1% PC100B film, the thin layer containing 
no water is sandwiched between the two highly diffuse layers. Again, this is in complete 
contrast to both the three-layer model fitted for PC 100A films where the water content 
increased along the surface normal direction towards the outer layer, and of course the 
5% PC100B uniform monolayer with equal water distribution. The only difference from 
the 1% PC100B film, however, is that the middle layer within the 0% PC100B film
7.3.2 0% PC100B
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contains no water instead of a small fraction. Overall the 0% PC100B film is also 
heavily hydrated and, taking into account the percentage water present in each 
individual layer and the thickness of each of those layers, the total overall water content 
is in the order of 45%. This figure is similar to the overall values obtained for PC100A, 
5% PC100B and 1% PC100B and is again entirely consistent with the values 
characteristic of hydrogels (Guven et al, 1991; Wichterle et al, 1960). In conclusion, 
coating an uncross-linked version of PC100B results in films with an uneven water 
distribution along the surface normal direction, similar to that observed for the PC100B 
polymer with a very low percentage of cross-linking. It appears that the silyl cross- 
linking groups affect the distribution of water but not the overall content. The 
segregation may indicate the preferential distribution of dodecyl chains in the middle 
part of the film but the current contrasts offer no resolution. Further work with partially 
deuterated polymers would serve to highlight the distributions of the components across 
the film.
As before, ellipsometry measurements were made to study the 0% PC100B films 
prior to neutron reflection work. As previously described the profile of a 0% PC100B 
layer measured at the solid-water interface can be fitted to a uniform layer model with a 
thickness of 45 ± 5 A, assuming the refractive index to be the same as for the 
corresponding bulk dry polymer, that is, n = 1.50.
Figure 7.11 shows that if the three-layer model obtained from neutron reflection 
is converted to elliptical profiles, it fits well to the measured ellip so metrical data. This 
model is composed of an inner layer of 25 A with a refractive index of 1.40, a middle 
layer of thickness 14 A with a refractive index of 1.5 and an outer layer of 25 A with a 
refractive index of 1.38. These results show that, for such thin films, ellipsometry has no 
sensitivity to the uneven density distribution normal to the surface.
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Figure 7.7 Neutron reflection profiles measured from the 0% PC100B (containing 0% 
silyl cross-linking groups) polymer coated solid-D20 (+), CM4 (A) and CMSi (□) 
interfaces. The continuous lines are the calculated 0% PC100B three-layer model best 
fits. The model was calculated assuming an inner layer of 25 ± 3 A with 52% water, a 
middle layer of 14 ± 3 A with 0% water and an outer layer of 25 ± 3 A with 61% water.
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Figure 7.8 A comparison of the neutron reflectivity profiles measured from the 0% 
PC100B (containing 0% silyl cross-linking groups) polymer coated solid-D20  interface 
(O), the 5% standard PC100B (containing 5% silyl cross-linking groups) polymer coated 
solid-D20 interface (+) and the PC 100A polymer coated solid-D20  interface (A). The 
different shaped profiles indicate the differences in the structure of each of the three 
films.
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Figure 7.9 A comparison of the neutron reflectivity profiles measured from the 0% 
PC100B (containing 0% silyl cross-linking groups) polymer coated solid-D20  interface 
(O) and the 1% PC100B (containing 1% silyl cross-linking groups) polymer coated 
solid-D20 interface (+). The differences between the profiles indicate a difference in the 
structure of each of the two films.
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Figure 7.10 The polymer volume fraction distribution in a 0% PC100B (containing 0% 
silyl cross-linking groups) film after immersion in water (solid line). These data were 
obtained from the three-layer model fitting to the neutron reflection data measured at the 
solid-water interface. The polymer volume fraction distributions for 5% PC100B (short 
dashed line) and 1% PC100B (long dashed line) films, as presented previously, are 
shown for comparison.
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Figure 7.11 Plots of \|/ and A as a function of A- at the 0% PC100B (containing 0% silyl 
cross-linking groups) polymer coated solid-water interface (O). The solid lines are the 
calculated model fits, assuming the neutron three-layer model. That is, an inner layer of 
25 A with 52% water, a middle layer of 14 A with 0% water and an outer layer of 25 A 
containing 61% water. The measurements were made at the incidence angle of 75° with 
respect to the surface normal and at 25°C.
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7.4 Protein Adsorption at the PC100B Derivative Coated 
Solid-Water Interfaces
All measurements in this section were made once the polymer coated surfaces 
had been allowed to equilibrate with the appropriate solutions. It has already been 
determined that swelling of these films is immediate. However, in all cases thirty 
minutes equilibration was allowed before adding any protein solutions. This is identical 
to the procedure previously used in Chapters 5 and 6 for analysing the PC 100A and the 
standard 5% PC100B polymer films. Possible swelling in buffer as opposed to pure 
water was also checked by both ellipsometry and neutron reflection first. No difference 
in the structure of these films was found, as would be expected with buffers of such low 
ionic strength. The time effect with protein adsorption has already been discussed in 
Chapter 4 and was checked again here. As before, the final measurement was made after 
forty minutes in protein solution. After this process, no time-dependent adsorption was 
observed for all the systems studied.
7.4.1 1% PC100B
Using neutron reflection, the adsorption of lysozyme onto the 1% PC100B 
surface was measured in buffered D20  at pH7. The reflectivity profile measured after 
adsorption from 4 gdm'3 lysozyme is shown in Figure 7.12. The profile from the 
interface in the pure buffer solution is also shown for comparison. The difference 
between the profiles indicates the extent of lysozyme adsorption. Adsorption was also 
measured at 1 gdm'3 but, for clarity, the profile is not shown in Figure 7.12. This is 
because the profile was found to be close, within error, to that measured at 4 gdm"3. 
Above 1 gdm'3, there is little increase in lysozyme adsorption with bulk concentration.
Quantitative information about the surface excess of lysozyme was obtained by 
fitting models to the adsorbed layers. In the case of lysozyme adsorption onto the 
hydrophilic silicon oxide-water interface, it was found that lysozyme molecules prefer to 
adopt well-structured conformations and the thicknesses of the layers are comparable to 
the dimension of the globular structure for lysozyme (Su et al, 1998a and 1998b). At the 
1% PC100B solid-liquid interface, the amount of lysozyme adsorption at 4 gdm'3 was
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obtained by fitting a non-uniform layer model to the measured reflectivity profile. The 
total surface excess at this high bulk concentration was found to be 1.0 ± 0.2 mgm'2. The 
thickness of the inner lysozyme layer was found to be 24 ± 10 A, less than either of the 
axial lengths of lysozyme. In addition to this, there were two low-density outer 
lysozyme layers of 12 ± 10 A. Figure 7.13 summarises these findings and shows the 
volume fraction distributions of the 1% PC100B film and the lysozyme layers adsorbed 
at the surface at 4gdm'3. The presence of lysozyme in all three layers was taken into 
account when calculating the surface excess quoted above. The distribution of the 
protein layer is clearly caused by the rough outer surface of the polymer film. A 
roughness of 8 ± 5 A was required for each polymer-lysozyme, lysozyme-lysozyme and 
outer lysozyme-water interface. Incidentally, the model fitted and the total surface 
excess at 1 gdm'3 lysozyme was exactly the same as described above for 4 gdm"3.
This experiment was repeated using ellipsometry to measure the adsorption of 
lysozyme at the 1% PC100B interface. Figure 7.14 compares the profiles of \|/ and A 
versus X measured from the 1% PC100B coated solid-liquid interface in pure buffer and 
after adsorption from 4 gdm'3 lysozyme at pH7. Adsorption was also measured at 1 
gdm'3 but the profile is not shown for clarity. It can be seen from Figure 7.14 that the 
two sets of profiles are identical within the experimental error. This initially suggests 
that there is negligible adsorption of lysozyme on the surface at both the concentrations. 
The profile is identical and, therefore, fits to the same model for the clean polymer 
surface. The reliability and implication of these measurements can be revealed by 
considering the model and surface excess value fitted to the neutron reflection data from 
the same adsorption experiment.
As already shown and explained in Chapter 6, ellipsometry is insensitive to the 
presence of thick, diffuse protein layers on the 5% PC100B surface because the change 
in the refractive index profile across the interface is relatively small and its effect to \|/ 
and A is hence not appreciable. For the adsorption at the PCIOOA-solution interface, 
discussed in Chapter 5, the discrepancy between the two methods was less. This is 
because the protein layers were not as thick and diffuse and the volume fraction of 
protein was higher, ie. the amount adsorbed was more concentrated in a narrow region
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of the surface. Thus, the respective change in refractive index was greater. Therefore, 
considering the model fitted for 1%PC100B, it is likely that the two outer diffuse 
lysozyme layers are not detected by ellipsometry because their refractive indices are too 
close to that of the protein solution. It might be considered that the inner layer of 24 ± 
10 A containing a volume fraction of lysozyme of 0.2 and accounting for 0.7 mgm*2 of 
the total adsorbed surface excess, should result in a small but detectable change in 
refractive index. However, as shown by fitting to the neutron reflection data, the outer 
polymer surface has a roughness of 10 A. In turn, the lysozyme layers are rough and 
appear thinner than even the shortest axial length of 30 A. This indicates
that part of the lysozyme molecule is effectively mixed with the polymer layer. Neutron 
reflection is of course sensitive enough, due to the high contrasts created by using D2O, 
to separate the polymer layer from the lysozyme. However, as the differences between 
the layers cannot be highlighted in the same way in ellipsometry and also because of the 
correlation between refractive index and thickness in thin layers, the lysozyme present 
in the rough areas will effectively result in no appreciable change in \|/ or A. Therefore, 
the surface excess actually adsorbed above the polymer surface is lower and is within 
the error margin.
Neutron reflection results for the adsorption of the other model proteins at the 
1% PC100B interface are not available as it was found that the film was unstable and 
not reproducible after attempting to clean off the adsorbed lysozyme. These results will 
be further discussed later. If the surface cannot be regenerated there is no point to 
continue with the experiment because the structure and the properties of the film have 
permanently altered. One important property of a biocompatible film, in addition to 
effectively reducing protein deposition, must be the ability to fully remove any adsorbed 
protein and regenerate the original film structure. The surface excess of 1.0 ± 0.2 mgm'2 
lysozyme adsorbed at 4 gdm"3 is lower than the values of 1.9 ± 0.2 mgm'2 and 1.7 ± 0.2 
mgm'2 observed for the PC100A and standard (5%) PC100B films respectively. 
However, it is possible that the 1% PC 100B layer is not completely stable in the protein 
solution after adsorption, and in effect this result may not be completely representative 
of the total adsorption at the surface.
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In conclusion, the 1% PC100B coated film seems to be at least as effective as the 
standard (5%) PC100B and PC 100A films in deterring adsorption but the layer is not 
stable after cleaning. Despite the low amount of cross-linking and the different structure, 
these results suggest that the properties of the outer surface are similar to the other 
polymers.
7. 22
Momentum Transfer/A"1
Figure 7.12 Neutron reflectivity measured from the 1% (containing 1% silyl cross- 
linking groups) PC100B solid-D20  interface before (dashed line) and after adsorption of 
lysozyme onto the surface at 4 gdm'3 (O) at pH7. The continuous line through the 
measured reflectivity is the fit to the profile, giving a surface excess of 1.0 ± 0.2 mgm'2.
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Figure 7.13 The volume fraction distributions for the 1% (containing 1% silyl cross- 
linking groups) PC100B polymer film (solid line) and the lysozyme layer adsorbed at 
the surface at 4 gdm'3 at pH7 (dashed line).
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Figure 7.14 Plots of \j/ and A as a function of X at the 1% (containing 1% silyl cross- 
linking groups) PC100B solid-liquid interface before (O) and after the adsorption of 
lysozyme onto the surface at 4 gdm'3 (□) at pH7. The solid line is the calculated model 
fit assuming a polymer film of 50 ± 5 A with n = 1.50. The measurements were made at 
the incidence angle of 75° with respect to the surface normal and at 25°C.
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The adsorption of lysozyme at the 0% PCIOOB-D2O interface was studied in 
exactly the same way as just described for 1% PC100B. Interestingly, the results are 
broadly the same in trend. Figure 7.15 shows the reflectivity profiles measured before 
and after adsorption from 4 gdm"3 lysozyme at pH7. The differences between the 
profiles indicate the extent of lysozyme adsorption. Again adsorption was also measured 
at 1 gdm"3 but the profile is the same as that measured at 4 gdm"3 and is not shown for 
clarity. Quantitative information was obtained by fitting a non-uniform lysozyme layer 
model to the measured reflectivity profile. At a bulk concentration of 4 gdm"3, the total 
surface excess was found to be 1.0 ± 0.2 mgm"2. The thickness of the inner lysozyme 
layer was found to be 24 ± 10 A with two low-density outer lysozyme layers of 12 ± 10 
A and a roughness of 8 ± 5 A for each protein layer. Figure 7.16 summarises these 
findings and shows the volume fraction distributions of the 0% PC100B film and the 
lysozyme layers adsorbed at the surface at 4gdm"3. This should be compared to Figure 
7.13, which shows that the situation is identical to that observed at the 1% PC100B 
interface.
Figure 7.17 compares the ellipsometrical profiles of \|/ and A versus X measured 
from the 0% PC100B coated solid-liquid interface in pure buffer and after adsorption 
from 4 gdm"3 lysozyme at pH7. It can be observed that the two sets of profiles are 
identical within the experimental error. As before, although this initially suggests that 
there is negligible adsorption of lysozyme on the surface, it is proposed instead that 
ellipsometry is simply not sensitive to the adsorption at this particular interface. The 
reasons for this suggestion have already been fully discussed in the previous section.
As for 1% PC100B, neutron reflection results for the adsorption of the other 
model proteins at the 0% PC100B interface are not available as this film was also 
unstable and not reproducible after attempting to clean off the adsorbed lysozyme. 
These results will be fully discussed later. As for 1% PC100B, the lysozyme surface 
excesses are lower than observed for both the PC100A and standard (5%) PC100B 
films. However, it is possible that the 0% PC100B layer is also not completely stable in 
the protein solution, or after adsorption, and in effect this result may not be completely
7.4.2 0% PC100B
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representative of the total adsorption at the surface. In conclusion, the 0% PC100B 
coated film seems to be at least as effective as the standard (5%) PC100B and PC 100A 
films in deterring adsorption but the layer is not stable after cleaning. Despite the lack of 
any cross-linking network and the different and unusual layer structure, these results 
suggest that the properties of the outer surface must be similar to the other polymers. 
The instability of these films may be due to the presence of the hydroxypropyl groups. 
The introduction of silyl groups leads to the formation of cross-linking and hence the 
improved stability but it is clear that 1% silyl groups are insufficient.
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Figure 7.15 Neutron reflectivity measured from the 0% (containing 0% silyl cross- 
linking groups) PC100B solid-D20  interface before (dashed line) and after adsorption of 
lysozyme onto the surface at 4 gdm'3 (O) at pPI7. The continuous line through the 
measured reflectivity is the fit to the profile, giving a surface excess of 1.0 ± 0.2 mgm'2.
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Figure 7.16 The volume fraction distributions for the 0% (containing 0% silyl cross- 
linking groups) PC100B polymer film (solid line) and the lysozyme layer adsorbed at 
the surface at 4 gdm"3 at pH7 (dashed line).
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Figure 7.17 Plots of \\r and A as a function of X at the 0% (containing 0% silyl cross- 
linking groups) PC100B solid-liquid interface before (O) and after the adsorption of 
lysozyme onto the surface at 4 gdm'3 (□) at pH7. The solid line is the calculated model 
fit assuming a polymer film of 45 ± 5 A with n = 1.50. The measurements were made at 
the incidence angle of 75° with respect to the surface normal and at 25°C.
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7.5 The Adsorption of HSA from Blood Plasma to the PC100B 
Derivative Coated Surfaces: Detection Using an ELISA 
Test
Although neutron reflection and ellipsometry are the main techniques used in 
this work, assay tests are the widely used procedures. Therefore, it is worthwhile to 
compare the results from the two different methodologies. The ELISA test is the same 
as that used for PC 100A and standard (5%) PC100B coated samples in Chapters 5 and 
6 .
Bare silicon oxide and oxides coated with 1% and 0% PC100B were incubated 
with the blood plasma and then the ELISA test was performed to detect bound HSA. 
The mean absorbance at 450nm was recorded for each sample. Figure 7.18 compares the 
absorbance readings and from this bar chart it is possible to visualise the extent of 
reduction in HSA binding. If the absorbance at bare Si02 is taken to be 100%, then the 
percentage reduction in protein adsorption, relative to the uncoated, is 88% at the 1% 
PC100B interface and 89% at the 0% PC199B interface. This indicates a significant 
reduction after coating with both PC100B derivatives. The trend supports the results of 
the model-dependent techniques. The bulk concentrations of protein are obviously 
different but the results agree in that there can be over a five fold reduction in protein 
adsorption but there is still some, although small, detectable adsorption on the coated 
surfaces. The figures of 88% and 89% are, within error, the same as the reduction of 
89% and 91% indicated from the previous ELISA results for the PC100A and 5% 
PC100B coated surfaces respectively. This further supports the findings of the neutron 
reflection and ellipsometry results: all the PC-polymers display very similar reductions 
in protein adsorption despite their structural differences.
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Figure 7.18 Coating of 1% (containing 1% silyl cross-linking groups) PC100B and 0% 
(containing 0% silyl cross-linking groups) PC100B polymers onto a silicon oxide 
surface results in a significant reduction in HSA adsorption from blood plasma. The 
absorbance measured at 450nm indicates the relative amount of adsorption, detected by 
an ELISA test.
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7.6 Surfactant Cleaning of PC100B Derivative Coated Silicon 
Oxide Surfaces After Protein Adsorption
In the process of studying protein adsorption on PC100A and PC100B (5%), we 
have tried to clean the pre-adsorbed proteins with Ci2TAB. We found that all the 
adsorbed proteins could be removed and the structure of the polymer films remained,
, showing that the coated films were robust. Here we apply the same cleaning procedure 
to see if the films coated from 1% and 0% PC100B are stable.
The 1% PC100B polymer surface preadsorbed with lysozyme was rinsed with 20 
mM dodecyltrimethylammonium bromide (C12TAB), which is above its critical micellar 
concentration (cmc = 14 mM). Figure 7.19 shows that, following this rinsing, the 
neutron reflectivity measurement in the buffered D20  did not return to the D20  profile 
obtained before lysozyme adsorption was started. The profile measured in 4 gdm'3 
lysozyme is also shown for comparison. The fact that the profile is a completely 
different shape from both the one measured after lysozyme adsorption and that before 
any adsorption, shows that it is not simply a case of the lysozyme layer remaining 
adsorbed on the surface. The results suggest that the 1% PC100B film has not retained 
its original structure. It is not appropriate to fit a model for this profile because the 
surface could now be any mixture of polymer, surfactant 01* lysozyme. However, the 
shape of the new profile does show that the layer at the surface is now thinner. Indeed, 
the dashed line shows the profile for bare oxide at the D20  interface. The profile 
measured at the 1% PCIOOB-D2O interface, after C12TAB treatment, is now very close 
to the one obtained at the bare oxide-D20 interface. This shows that after exposure to 
the cationic surfactant C12TAB most of the 1% PC100B film has been removed from the 
solid substrate.
Figure 7.20 shows the parallel measurements made using ellipsometry and they 
support the neutron reflection results. The measured profiles show that, after exposure of 
the 1% PC100B surface to 4 gdm'3 lysozyme and subsequent rinsing with 20 mM 
Cj2TAB, both \|/ and A change significantly, indicating that the thickness of the whole 
film has decreased. Using ellipsometry, a 1% PC100B coated surface was also rinsed 
with C12TAB immediately after the measurement in pure buffer (that is, the intermediate
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step of exposure to and adsorption of lysozyme was left out) and exactly the same 
results as shown in Figure 7.20 were obtained. This demonstrates that the film is still 
unstable in the surfactant without prior exposure to lysozyme. Due to the insensitivity of 
ellipsometry to the detailed structure of such thin polymer layers, it is of course 
impossible to determine whether the structural changes to the film are the same in both 
cases. However, the results do show that the presence of adsorbed lysozyme is not 
necessary for the C12TAB to remove the polymer films.
Similar measurements were made to examine the stability of the 0% PC100B 
films after cleaning with C12TAB. As in the case of the 1% PC100B films, the polymer 
was found to be almost completely removed from the solid substrate after exposure to 
the cationic surfactant. For example, Figure 7.21 shows that, following rinsing with 
C12TAB, the neutron reflectivity measurement in the buffered D20  did not return to the 
D20  profile obtained before lysozyme adsorption was started. Parallel ellipsometry 
measurements again supported these results.
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Figure 7.19 Comparison of the neutron reflectivity profiles from the 1% PC100B 
(containing 1% silyl cross-linking groups) before lysozyme adsorption (+), after 
lysozyme adsorption at 4 gdm'3 (O) at pH7, and then after rinsing the surface with 20 
mM C12TAB (A). The dashed line shows a typical profile for a bare Si02-D20  interface. 
The reflectivity profile after Ci2TAB rinsing is completely different from that before 
protein adsorption showing that the film structure has changed.
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Figure 7.20 Plots of \|/ and A as a function of X at the 1% (containing 1% silyl cross- 
linking groups) PC100B solid-water interface before adsorption from 4 gdm'3 lysozyme 
(O) and then after rinsing with 20 mM Ci2TAB (A). The profile does not return to the 
original after rinsing with the surfactant showing a change in the layer thickness.
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Figure 7.21 Comparison of the neutron reflectivity profiles from the 0% PC100B 
(containing 0% silyl cross-linking groups) before lysozyme adsorption (+), after 
lysozyme adsorption at 4 gdm'3 (O) at pH7, and then after rinsing the surface with 20 
mM C12TAB (A). The dashed line shows a typical profile for a bare Si02-D20  interface. 
The reflectivity profile after Ci2TAB rinsing is completely different from that before 
protein adsorption showing that the film structure has changed.
7.7 Conclusions
Varying the amount of the silyl cross-linking groups incorporated into the 
PC100B polymer affects the structure and properties of the films coated on silicon 
oxide. Both 1% and 0% PC100B films appear to be similar to the standard 5% PC100B 
as they are stable in solution and any water penetration is immediate. However, neutron 
reflection has shown that the distribution of water along the surface normal direction of 
both films is very different from what was observed for either PC 100A or PC100B 
(5%). The structure of the 5% PC100B film could be represented by a monolayer with 
uniform water distribution. As this structure was clearly not applicable to the 1% and 
0% PC100B films, the most likely suggestion was that water penetration may vary but it 
is likely to decrease towards the inner layers, as observed for PC100A. However, in both 
cases, the fitting to the neutron reflection profiles shows that the films are best 
represented by a three-layer model made up of a diffuse inner and outer layer containing 
over 50% water and a middle layer of dense polymer containing very little or no water at 
all. This suggests a highly hydrophobic area in the centre of the polymer film where 
groups such as the dodecyl chains are concentrated. The “sandwich” layer models for 
the films might themselves suggest that they could be unstable with so much water next 
to Si02 surface. However, the total amount of water in the entire film is very similar to 
both PC 100A and standard 5% PC100B. The low amount of cross-linking in 1% 
PC100B could result in an improperly formed network, which may give rise to the 
unusual segregation of the polymer groups. As the staicture is so similar to 0% PC100B, 
it can be said that such fragment distributions are a direct result of the lack of a cross- 
linked network. It is possible that the hydroxypropyl groups are partially responsible for 
this unusual water distribution.
The resistance of both the films to lysozyme deposition is as good as observed 
for the other PC-polymers, except the outer surface is rough which makes the 
determination of the total surface excess more difficult. As the films are unstable caution 
should be taken in quoting the values of surface excess.
Further work with other cross-linking derivatives to determine the total effect of 
this network would be very interesting. In addition, deuterium labelling would be very
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useful to determine where the groups are distributed in the films and to compare this to 
both PC100A and 5% PC100B, particularly to decide what leads to the instability of 1% 
and 0% PC100B.
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Chapter 8
Conclusions and Suggestions for Future W ork
The incorporation of phosphorylchoiine groups into polymers is one of the most 
exciting and rapidly advancing areas of research in the field of biocompatible material 
design. This thesis represents the first attempt to obtain detailed information at the 
molecular level about the interaction between proteins and biocompatible polymer 
surfaces. The level of adsorption of a number of model proteins at various PC polymer- 
water interfaces has been successfully quantified using specular neutron reflection and 
spectroscopic ellipsometry. This work was a major attempt to characterise the structure 
of the polymer films, the distribution of water across the films and protein adsorption in 
a systematic manner. Protein adsorption at a number of model interfaces was also 
characterised using the same techniques to enable a direct comparison to be made and 
determine the extent of reduction in adsorption at the PC-surfaces. This thesis has 
highlighted the effective use of spectroscopic ellipsometry as a complementary tool 
when used in conjunction with neutron reflection analysis.
First of all, both techniques were used to study protein adsorption at a number of 
model interfaces. These results enabled the examination of the effect of the different 
physical properties of the surfaces on protein adsorption. In addition, this work served 
the important purpose of allowing a direct cross-examination of the results from the two 
techniques and, essentially, provided surface excess values to compare to and determine 
the extent of reduction at each of the PC-polymer interfaces. It was found that 
ellipsometry is not sensitive to the actual structural distribution of the protein layers but 
is to the overall measurement of the surface excess. The techniques therefore 
complement each other as ellipsometry is the faster, more readily available laboratory- 
based method which can be used for multiple initial adsorption studies prior to using the 
more limited and expensive neutron reflection for more detailed structural studies. The 
experimental conditions were set up so that the results could be directly compared to 
those from the study of PC surfaces and any reduction in protein adsorption quantified.
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The results indicate that both the surface type and protein type affect the level of 
adsorption. Both hydrophilic SiC>2 and hydrophobic OTS surfaces were found to induce 
a large protein deposition. Fibrinogen, the largest and most flexible protein studied, has 
the highest surface activity at both these surfaces. For each surface, the change in 
surface excess with protein concentration was studied to determine the range of each 
protein’s surface activity. Fibrinogen was found to have the highest surface activity at 
low bulk concentrations and the saturation surface excess plateau is reached at relatively 
much lower concentrations than observed for the smaller globular proteins, lysozyme 
and BSA. Lysozyme and BSA were found to display similar behaviour at each of these 
interfaces in terms of concentration effect. The surface excess plateaus towards 
saturation over a much larger range of concentration. Interestingly, a 
poly(methylmethacrylate) (PMMA) coating was found to provide some reduction in the 
binding of all the proteins.
Initial work with the polymers concentrated on establishing the procedure for the 
preparation of coated surfaces suitable for analysis by both neutron reflection and 
ellipsometry. A thin and uniform polymer film was a necessary requirement of both 
these techniques to meet the sensitivity demands and highlight the adsorbed protein 
layers. The films were prepared by dip-coating using a specially constructed coating-rig 
designed to minimise vibration. Parameters such as dipping speed, solvent composition 
and annealing temperature were all found to affect the thickness and uniformity of the 
films. The effect of each of these coating conditions was, therefore, fully characterised 
through the analysis of a number of samples by ellipsometry. AFM was employed to 
confirm the quality and uniformity of the films. As a result of this work, a set of 
optimised dip-coating conditions were identified for each polymer which resulted in a 
reproducible film thickness of 50 ± 10 A with a uniformity in the order of ± 2 A. This 
work also confirmed the suspicion that the uniformity of the layer affects protein 
binding. By changing just one condition from the optimum, it was found that lysozyme 
adsorption increased from negligible to a small but measurable amount. It is postulated 
that the conformational structure and underlying structure of the polymer layer is crucial 
and the uniformity is important both for the correct ordering of the PC groups on the 
surface and to eliminate defects in which protein molecules may bind.
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The structures of both the PC100A and PC100B polymer films at the solid-water 
interface were characterised by neutron reflection. The water distribution across the 
PC 100A polymer film was found to be unsymmetrical. The data indicated that the 
polymer films were best represented by a three-layer model, each layer differing in 
water content, with increasing amounts towards the outer surface. The outermost layer 
being very diffuse with some 85% water mixed with the polymer. The second PC- 
polymer, called PC100B, is cross-linked. It was found that, although PC100B has the 
same ratio of PC to dodecyl chains to that of the non-cross linked PC 100 A, the structure 
of the film is completely different. It is postulated that the distribution of water is 
uniform as a result of the formation of silyl cross-linking. Further measurements using 
the dodecyl chain deuterated PC100B show that there is a clear polymer fragment 
segregation across the film. The hydrophobic components are sandwiched in the middle 
of the film and the hydrophilic parts are preferentially expressed on the outer surface.
The coating of both the PC100A and PC100B polymers can significantly reduce 
protein deposition. The reduction, relative to the uncoated surface, is by a factor of 
nearly three to five depending on the protein concentration. The extent of reduction at 
low and medium concentrations is more substantial. The greatest reductions were 
observed for fibrinogen, the most surface-active protein at other interfaces. The results 
tend to suggest that the more surface-active the protein, the greater the reduction. 
Interestingly, the adsorbed protein layers are much thicker and diffuse at the PC100B 
polymer-water interface than observed for PC100A. This feature appears to be 
characteristic of PC100B surfaces and applies to all the proteins studied. On PC100A 
the protein layers were rough and just broader than the dimensions of the protein 
molecules, a structure probably largely affected by the diffuse outer polymer surface. In 
spite of the structural differences, the residual level of protein adsorption was found to 
be comparable between the two PC-polymers. This indicates that the composition of the 
two outer surfaces may be very similar or share the same characteristics. If the silyl or 
hydroxypropyl groups, incorporated into PC100B, are present on the outer surface, they 
do not affect the surface effectiveness in deterring protein adsorption. This study 
presents the first experimental evidence to support the hypothesis that the effectiveness 
in reducing protein adsorption is rendered by the presence of hydrated groups at the
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surface of the polymer film. Further work with PC-deuterated polymers would 
strengthen the correlation between protein adsorption and the exact surface composition 
of the coated film.
Further work continued the study of the PC100B series, with focus on the 
examination of the effect of cross-linking groups. The results showed that reducing the 
silyl cross-linking group content incorporated into the polymer from 5% (found in 
standard PC100B) to 1% or 0% does affect the structure and properties of the coated 
films. Neutron reflection showed that both these polymer films could be represented by 
a three-layer “sandwich” model made up of a diffuse inner and outer layer and a middle 
layer of dense polymer, containing very little or no water at all. This distribution 
suggests a highly hydrophobic area in the centre of the polymer film where groups such 
as the dodecyl chains are concentrated. The total amount of water in the entire film is, 
however, very similar to both PC 100A and standard 5% PC100B. As the structure of 
1% PC100B is so similar to 0% PC100B, it is clear that 1% of cross-linking groups is 
insufficient. The resistance of both the films to lysozyme deposition appears to be as 
good as observed for the other PC-polymers although the films have been shown to be 
unstable in the surfactant C i2TAB. Partial deuterium labelling would be very useful to 
determine how the groups are distributed in the films and to compare with both PC 100A 
and 5% PC100B, particularly to determine what leads to the instability of 1% and 0% 
PC100B.
As previously mentioned, one important area for future work would be with PC- , 
deuterated polymers. These partially deuterated polymers would provide more detailed 
information about the distribution of the PC groups in the polymer film. Hence, this 
would allow a correlation between the reduction in protein adsorption and the exact 
surface composition of the coated films. Furthermore, an equivalent study of PC- 
monolayer surfaces would enable a closer examination of the PC-packing effect. 
Combined with the results from the polymer study, this could lead to more detailed 
conclusions about the reason for the effectiveness of such PC-polymer surfaces in 
reducing protein adsorption and indicate the importance of other factors thought to play 
a role, such as surface hydration.
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In addition, it would be interesting to extend the work with the polymers and 
consider more about the effect of altering various features of their structure. This would 
further the work already completed with. PCI00B in which the percentage content of 
cross-linking groups was varied. For example, the importance of the chemical structure 
in terms of the spacer length under the PC headgroups and the ratio of PC headgroups to 
other moieties within the polymer could be examined. This could provide essential 
information about the effect of altering the mobility and packing of the PC groups in the 
polymer and the amount of PC required to produce a surface effective at reducing 
protein adsorption.
8. 5
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